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ABSTRACT
Cytosolic chloride (Cl-) concentration determines whether GABAergic and glycinergic
synapses are inhibitory or excitatory. Ionotropic GABA and glycine receptors passively
conduct Cl- leading to membrane depolarization or hyperpolarization depending on the Clequilibrium potential. Accordingly, the distribution of Cl- across the plasma membrane has
the potential to determine the properties of networks of retinal amacrine cells (ACs) and their
postsynaptic partners. Ion channels are responsible for establishing Cl- reversal potential.
Nitric oxide (NO) is a signaling molecule that can be generated in the inner retina where ACs
form synapses. We have shown that NO initiates a release of Cl- from internal stores into the
cytosol in retinal ACs, leading to elevated cytosolic Cl-. Our research implicates a novel role
for the cystic fibrosis transmembrane conductance regulator (CFTR) in the NO-dependent
release of Cl- from acidic organelles. This internal function of CFTR is particularly relevant
to neuronal physiology because postsynaptic cytosolic Cl- levels determine the outcome of
GABA and glycinergic synaptic signaling. Chapter 2 shows CFTR is necessary for the
transient effects of NO on cytosolic Cl- levels but the full mechanism remains to be elucidated.
Chapter 3 further informs the mechanism with involvement of TMEM16A, a Ca2+ activated
Cl- channel demonstrated to be functionally coupled with CFTR in some epithelial cell types.
TMEM16A is expressed in the chicken retina as determined by western blot analysis,
immunocytochemistry, and single cell RT-PCR. Pharmacological inhibition of TMEM16A
with T16inh-AO1 reduced the NO-dependent Cl- release (NOdClr) measured as a reduction
in the shift in the reversal potential of GABAA receptor-mediated currents. To confirm the
involvement of TMEM16A in the NodClr, we used CRISPR/Cas9 via two different modalities
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targeting TMEM16A. We delivered either an all-in-one plasmid or functional
ribonucleoprotein resulting in different effects on protein levels. The plasmid vector was
unsuccessful in reducing the membrane expression of TMEM16A protein within the
timeframe

of

culture

viability.

However,

delivery

of

TMEM16A-specific

crRNA/tracrRNA/Cas9 ribonucleoprotein was effective in reducing both TMEM16A protein
levels and the NO-dependent shift in reversal potential of GABA-gated currents. These
results demonstrate that ACs express CFTR and TMEM16A with both playing a role in the
NodClr. Ultimately, the flexibility of retinal processing may be increased by co-expression of
CFTR with different TMEM16 paralogues, thus allowing subsets of amacrine cells to perform
specific and unique functions.

iii
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CHAPTER 1. REVIEW OF LITERATURE
1.1 . Organization of the Retina
The retina is a sophisticated sensory tissue responsible for representation of
differences in light intensity, wavelength, and photon locality to the visual cortices. It also
entrains the circadian rhythm (Buhr and Van Gelder, 2014; Sabesan et al., 2016). It is
comprised of dense mosaics of neuronal types that perform significant computation of visual
stimuli before reaching the visual cortex (Kolb, 2003; Gollisch and Meister, 2010). Even
though the retina is a comparatively small tissue, its rod photoreceptors constitute the second
most numerous neuronal type in humans (Masland, 2012a). Additionally, the major cell types
of the retina are highly conserved among vertebrates. They form six classes of cells including
five classes of neurons (i.e., photoreceptors, horizontal cells, bipolar cells, amacrine cells,
ganglion cells ) with one class of glia (Muller glia ). These classes have been further divided
into 58 cell types in humans (Yan et al., 2020b) and 136 different cell types in the chick retina
(Yamagata et al., 2021). The different classes of neurons are organized into three layers of
cell bodies and two main layers of synapses (Masland, 2012a; Reichenbach and Bringmann,
2020). Photoreceptor (PR) cell bodies constitute the outer nuclear layer (ONL) and they
synapse with horizontal cells (HCs) and bipolar cells (BCs) in the outer plexiform layer (OPL).
The inner nuclear layer comprises HCs, BCs, and amacrine cells (ACs). BCs extend processes
to the OPL and the inner plexiform layer (INL). ACs are a diverse group of neurons with
many subtypes. They are predominantly found in the INL but some have cell bodies in the
ganglion cell layer. However, AC processes are restricted to the IPL where they synapse with
BCs, other ACs, and retinal ganglion cells (RGCs) (Fig 1.).
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Figure 1.1. Organization of the retina. ONL, outer nuclear layer; OPL, outer plexiform
layer; INL, inner nuclear layer; IPL inner plexiform layer; GCL, ganglion cell layer. Amacrine
cell (AC) bodies are typically found in the INL and make synapses in the IPL.
Because it must allow passage of light through all layers before reaching the PRs, the
retina is subject to certain geometrical and spatial constraints that influence neuronal
development (Goldsmith, 1990; Eglen and Wong, 2008; Oltean et al., 2016). Neurons of the
INL have small cell bodies (Jeon et al., 1998) and unmyelinated processes unlike many
neurons in the brain. Their dendritic arbors may extend up to millimeters across the visual
field for efficient long-range communication (Bloomfield and Volgyi, 2007), even without
using saltatory conduction as in myelinated neurons of the brain. Advantageously, the lack
of myelination in the inner retina enables more dense packing, increases the dynamic range
of postsynaptic responses to vesicular neurotransmitter release, and reduces light scattering
compared to myelinated neurons. The high-density of cells is patterned to maintain regular
spacing between cells of a single type or subtype forming an ordered mosaic. This mosaicism
ensures the retina can adequately sample and process information from light throughout the
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entire visual field and without much regional bias. However, there is a noteworthy exception.
The macula lutea is concentrated with cone PRs compared to other regions of the retina
where rod PRs normally predominate (Volland et al., 2015). This area provides highest visual
acuity—albeit at the cost of sensitivity—to the most focal part of vision.
1.2. Phototransduction and Signaling in the OPL
Retinal phototransduction is the conversion of electromagnetic energy (light) into an
electrical signal via a photochemical cascade occurring within PRs. The process of
phototransduction by PRs exhibits key features that are generally applicable to neuronal
function in the inner retina. I will briefly summarize the mechanism of phototransduction to
highlight characteristics which are ubiquitous to retinal function.
PRs contain pigments, called opsins, that transduce the electromagnetic energy of
light into a change of membrane potential. In the dark, the photoreceptor is maintained at a
depolarized potential by a “dark current” of Na+ and Ca2+ influx through cGMP gated
nucleotide channels (Biel and Michalakis, 2009). Light induces a G-protein cascade that
increases cGMP phosphodiesterase activity. This enzyme hydrolyzes cGMP and reduces the
number of open cGMP gated nucleotide channels. The closure of cGMP gated nucleotide
channels reduces the dark current and hyperpolarizes the PR causing less glutamate to be
released onto postsynaptic BCs. BC postsynaptic responses depend on the type of glutamate
receptor expressed at BC terminals. Glutamate receptors are either ionotropic or
metabotropic. Ionotropic glutamate receptors (AMPA/kainite) are “sign conserving” since
reduced glutamate activation results in fewer open cation channels (Ca2+) and subsequent
hyperpolarization of the cell. However, metabotropic glutamate receptors (mGluR6) are “sign
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inverting”. Glutamate binding to mGluR6 activates a G-protein coupled cascade that
normally inhibits the cation channel (TRPM1). When less glutamate is released by PRs, the
inhibition is relieved and the BC depolarizes (Morgans et al., 2010).
The expression of either ionotropic or metabotropic glutamate receptors forms the
molecular basis for separation of the ON and OFF pathways in the retina. In the ON pathway,
light dependent reductions in glutamate release relieves TRPM1 inhibition by mGluR6
resulting in BC depolarization. In the OFF pathway, the dark current causes glutamate
release onto BCs which activates ionotropic glutamate receptors that depolarize the BC. The
cohort of ion channels expressed and the mechanisms that regulate their function establish
the direction, magnitude, rate kinetics, and species of ionic conductance in response to
stimuli.
BCs from goldfish were shown to encode visual sensory information by a combination
of graded potentials that alter the firing probability of phase locked spike trains (Baden et al.,
2011). In a separate goldfish study, BCs encoded visual information in 5 ways; spike number,
spike amplitude, graded potential amplitude, graded potential duration, and graded potential
rise time (Lipin and Vigh, 2015). Graded potentials continuously modulate post-synaptic Ca2+
in BCs which preserve the magnitude of presynaptic PR responses to light. Mammalian BCs
also signal via spikes and graded potentials that may function to rapidly signal dark to light
transitions (Saszik and DeVries, 2012).
Retinal encoding of visual sensory information from a noisy environment requires
high sensitivity and broad dynamic range to generate coherent downstream signals under
varying conditions. Spiking potentials of BCs increase light sensitivity in dim conditions at
the cost of saturating outputs in bright light, whereas graded potentials preserve dynamic
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range under bright conditions but are slower and less sensitive to dim light. A single neuron
that can signal via combinations of graded and spiking potentials maximizes neuronal
flexibility and spatial efficiency. ACs are also capable of spiking. For example, the axon-less
wiry AC from macaque mediates long-range retinal signaling via active signal propagation
through dendritic voltage sensitive NMDA receptor (Manookin et al., 2015).
A hallmark of retinal processing is the ability to intercept and modify visual sensory
information en route to RGCs. The wiry AC exemplifies a mechanism of active membrane
properties that are likely modified by neuromodulation of voltage sensitive ion channels
along the propagating dendritic arbor (Manookin et al., 2015).
1.3. Amacrine Cells
Of the different neuronal types in the retina, ACs are often regarded as the most
diverse and least understood (Balasubramanian and Gan, 2014; Diamond, 2017; Kerstein et
al., 2020). ACs are interneurons that actively synapse in the IPL of the retina and serve to
refine the temporal and spatial representations of visual stimuli sent to ganglion cells (Kolb,
1995). ACs subserve diverse functions such as generating cholinergic waves during retinal
development (Feller et al., 1996b), regulating activity-dependent maturation of ganglion cell
projections (Xu et al., 2016a), shaping receptive fields of ganglion cells (Jacoby et al., 1996b;
de Vries et al., 2011b; Kim et al., 2015; Jia et al., 2020b), and light and dark adaptions of
retinal circuitry (Hampson et al., 1992a; Zhang et al., 2008a; Ortuño-Lizarán et al., 2020).
ACs exhibit significant morphological diversity among subtypes with each shape
corresponding to unique roles in visual processing (Ramón y Cajal, 1899; Kolb, 1997).
However, a common feature of ACs is they lack a polarized axodendritic morphology and
can communicate bi-directionally through dendritic release of neurotransmitters or at
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electrical synapses via gap junction coupling (Reifler et al., 2015; Roy et al., 2017b). Through
evolution, their geometries were optimized to minimize the wiring volume for a given set of
network functions (Ramón y Cajal, 1899; Chklovskii, 2004). Thus, a single AC subtype can
carry out an array of functions with minimal metabolic, genetic, and spatial cost (Grimes et
al., 2010). They can synapse onto each other forming extensive networks of overlapping
dendritic fields capable of coordinating responses between bipolar and ganglion cells. An
example is the directionally selective starburst amacrine cell (SAC). SACs relay directional
information of moving stimuli to directionally selective ganglion cells (Ding et al., 2016;
Hanson et al., 2019). Their dendritic arbors are radially symmetrical with a geometry that
exhibits remarkably little variability between individual SACs (Poleg-Polsky et al., 2018).
Regions within their arbors form distinct, compartmentalized computational units (≥20/cell)
comprised of 15-20 varicosities each. The varicosities within computational units respond
with similar preferences to centrifugal stimuli moving away from the soma. Inhibition by
neighboring SACs, or other wide-field ACs, enhances the compartmentalization of
computational units but isn’t required for their demarcation (Poleg-Polsky et al., 2018). By
comparison, the A17 AC has >100 individual varicosities which are electrotonically isolated
from each other. They form reciprocal inhibitory synapses onto rod bipolar cell ribbons and
provide a high degree of parallel processing from a single neuron (Grimes et al., 2010).
In our research, nitric oxide dependent elevations in cytosolic Cl- concentration may
enhance AC parallel processing capabilities by temporarily converting inhibition to excitation
at individual varicosities. Using a single neurotransmitter with switchable inhibition and
excitation conserves metabolic, genetic, and spatial resources thereby conforming to the
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laws of economy of space, time, and matter described by Ramόn y Cajal over one-hundred
years ago (Ramón y Cajal, 1899; Chklovskii, 2004).
The laminar organization of the retina allows for formation of dense microcircuitry
that can integrate local signals with global signals from across the retina. ACs provide
necessary regulation of these microcircuits. In addition, the majority of synaptic connections
onto ganglion cells pass through amacrine cell circuitry which function as “operational hubs”
of the IPL (Cossart, 2014). Rod mediated vision exclusively signals through a subtype of AC,
the AII- AC, since there are no direct synapses between rod BCs and RGCs. Operational hubs
formed by ACs are pre-requisite for normal retinal function across ever-changing
background illumination intensities. For example, under high luminance conditions mediated
by cone circuitry (photopic), dopamine is released in the IPL which reduces gap junction
coupling between AII amacrine cells (Xia and Mills, 2004; Tsukamoto and Omi, 2017).
Coupling between AII-ACs aids improves the acuity of rod mediated vision during transitions
from dark (scotopic) to low light (mesopic), i.e. the twilight of dawn, by utilizing the existing
cone circuitry. Subsequently, dopamine regulates the transition between mesopic to
photopic circuit modes occuring upon sunrise by reducing AC connectivity. This prevents
rod signals, which are saturated under high luminance, from contaminating cone signals in
daylight conditions (Roy and Field, 2019). This example underscores the importance of ACs
in normal retinal function occuring over a wide range of luminance intensities.
There are many more subtypes of ACs with most having unknown functions. So far,
over 40 subtypes of retinal ACs have been identified by connectome reconstruction
(Helmstaedter et al., 2013) with more than 60 subtypes discovered by transcriptome analysis
in mouse (Yan et al., 2020a). Each type can subserve a specific set of retinal functions and
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currently only few AC subtypes are well studied. Nonetheless, it is reasonable to presume
that uncovering these roles will greatly improve our understanding of retinal visual sensory
information processing.
1.4. Visual Sensory Information Processing in the IPL
The IPL is a dense plexus of neuronal synapses with sublaminae forming distinct
zones of communication. Each sublaminae (denoted s1-s5) (Matsuoka et al., 2011) is a
discrete layer of cell-type specific synapses that together function as vertically-oriented
parallel channels of communication. AC arbors propagate to one or more of these channels
depending on AC subtype. ACs are broadly classified by the width of their dendritic arbors
into narrow, medium, and wide field ACs. Narrow field ACs are typically multiramified,
spanning several sublaminae and participating in “vertical integration” of information
(Masland, 2012b). Their restricted lateral arborization allows them to form local subunits
within the ganglion cells receptive field. Wide field amacrine cells tend to ramify less
vertically in the IPL while forming extensive arbors up to millimeters wide across the rabbit
retina (Bloomfield and Volgyi, 2007). The long axons of some wide field amacrine cells can
produce spikes that provide global context to ganglion cell receptive fields from distant areas
of the retina. Medium field ACs ramify at multiple IPL depths and likely mediate vertical
integration as well as lateral communication. Interactions between the different classes of
ACs aids visual processing in the IPL prior to reaching the ganglion cell layer.
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Figure 1.2. Microcircuitry within retinal laminae. A bipolar cell (blue) contacts a
ganglion cell (green). A simplified network of amacrine cells (purple) make contacts with both
types, creating a local microcircuit allowing for feedback and feedforward inhibition.
For example, a small-field glutamatergic-glycinergic dual neurotransmitter AC was
shown to provide glycinergic input to wide-field polyaxonal ACs (Jia et al., 2020a). These
polyaxonal ACs directly connect spatially distant RGCs through gap junctions which are
necessary for discriminating single contiguous objects from multiple spatially separate ones
(Roy et al., 2017a). This circuit formed between small field glutamatergic ACs and polyaxonal
ACs represents a remarkable case of vertical integration that is communicated laterally
between distant areas of the retina. Additional AC-AC networks are likely involved in visual
signal processing and shaping of downstream receptive fields. Gap junctions that couple
different neuronal networks (AC::AC, AC::BC, AC::GC) are regulated by neuromodulators
such as dopamine and nitric oxide (Mills and Massey, 1995; Xia and Mills, 2004; Roy et al.,
2017a; Jacoby et al., 2018a). Electrical synapses may uncouple between cells (Jacoby et al.,
2018a) and switch information flow between networks formed by different combinations of
neuronal types.
1.5. Cl- Regulation
Connectomics is revealing more complex retinal and AC microcircuitry within the
IPL. Previous studies have looked at neurotransmitter expression, such as GABA/glycine, to
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infer circuit function and distinguish sign inverting from sign conserving synapses. However,
GABA and glycine aren’t always inhibitory in the central nervous system. Their postsynaptic
effect depends on the Cl- concentration of the postsynaptic cell. In most cases, the
electrochemical gradient for Cl- results in shunting inhibition The Gleason lab is interested in
synaptic flexibility of AC-AC synapses, which are the most common in the IPL (Marc and
Liu, 2000). Synapses between ACs can be found in nested feedback microcircuitry, where an
AC providing inverting synaptic feedback is itself inhibited by a second AC (Marc and Liu,
2000). In this simplified model, NO can mediate circuitry remodeling by switching normally
sign inverting synapses to temporary sign conserving synapses. The complexity of the AC
connectome in vivo makes it difficult to understand the significance of individual synaptic
events from depolarizing GABAergic input. AC-AC synapses are the most common type in
the IPL and ACs regularly form concatenated networks of serial AC-AC synapses. As many
as 4 serial AC-AC synapses have been found in goldfish (Marc and Liu, 2000). Studying
simplified AC networks in a 2-dimensional culture enables us to study the effects of
depolarizing GABAergic neurotransmission without interference from distant synaptic
activity.
The GABAA, GABAC, and ionotropic glycine receptors are Cl- and HCO3- channels
whose postsynaptic effect depends primarily on the reversal potential for Cl- (ErevGABA). ErevGABA
is determined by the summation of chemical and electric forces acting on Cl- (Bormann et
al., 1987; Staley and Proctor, 1999; Farrant and Kaila, 2007). Even though GABA is the
primary inhibitory neurotransmitter in the vertebrate brain (Seiler, 1980; Kondziella, 2017) it
can depolarize certain neuronal types with elevated [Cl-]. Examples include cochlear nucleus
neurons (Lu and Trussell, 2001), hippocampal neurons (Michelson and Wong, 1991; Song et
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al., 2011; Otsu et al., 2020), striatal projection neurons (Bracci and Panzeri, 2006), cerebellar
interneurons (Chavas and Marty, 2003), cortical neurons (Szabadics et al., 2006; Khirug et
al., 2008), and basolateral amygdala interneurons (Woodruff et al., 2006). Depolarizing
GABAergic signals can be excitatory when conductance is low or cause shunting inhibition
when conductance is higher due to decreased membrane resistance (Song et al., 2011). In
hippocampal interneurons that have elevated [Cl-], low ambient GABA conditions raised the
membrane potential closer to the threshold of voltage gated channels increasing their open
probability. In high ambient GABA, the membrane potential was stabilized by GABA due to
the loss in membrane resistance from open GABA receptors. Excitatory currents are shunted
through open GABA receptors by Cl- moving to neutralize inward cation currents.
The majority of ACs express ionotropic GABA or glycine receptors suggesting
mechanisms for Cl- regulation are particularly important for AC function. The direction of Clflow through ionotropic receptors is determined by the summation of electrical, chemical,
and osmotic forces acting on Cl-. Resting intracellular [Cl-] is predominantly determined by
the secondary active transporters NKCC1 and KCC2 (Wang et al., 2005) which use the Gibbs
free energy from the electrochemical gradient generated by the Na+/K+ ATPase to transport
Cl- uphill (Sedmak et al., 2016). In addition, local impermeant anions (Glykys et al., 2014;
Düsterwald et al., 2018), external pH (Pasternack et al., 1992), and sustained GABAergic
activity also play a role in determining the resting intracellular [Cl-] (Staley and Proctor, 1999).
The association between disrupted Cl- homeostasis and epilepsy (Cohen et al., 2002;
Huberfeld et al., 2007) (reviewed by Miles et al., 2012) illuminated important Cl- regulation
mechanisms. Epilepsy serves as a useful model to understand mechanisms of GABAergic
excitation; however, it is important to note that epilepsy is a network phenomenon whereas
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my research studies individual ACs. AC synapses are electrotonically isolated and voltage
changes at one synapse are independent from neighboring synapses of the cell.
1.6. Epilepsy as a Model of Cl- dysregulation
It stands to reason that loss of GABAergic inhibition promotes seizure like events. A
variety of scenarios, pre- and post-synaptic, can lead to loss of GABAergic inhibition.
Presynaptic blockade of inhibitory interneurons that act on rat pyramidal cells is associated
with runaway excitation during in vitro seizure like events (Ziburkus et al., 2006). Likewise,
depletion of GABA neurotransmitter release was shown to precede high frequency discharge
of neurons in seizure-like events from intact mouse hippocampal CA3 pyramidal cells (Zhang
et al., 2012). The quiescent, intervening phase is dominated by GABAergic activity. Once
GABA is depleted or blocked pharmacologically, seizure-like events occur more rapidly even
though postsynaptic responses to GABA remain intact (Zhang et al., 2012). In agreement,
photolysis of caged GABA was shown to terminate intense focal seizures in rat neocortex
(Wang et al., 2017). These findings suggest inhibitory interneurons that release GABA are
involved in preventing pathophysiological synchronization of neuronal networks, albeit with
the caveat that postsynaptic responses to GABA remain normal.
Postsynaptically, elevated intracellular Cl- may contribute to the loss of GABAergic
inhibition (Fujiwara-Tsukamoto et al., 2006) by preventing presynaptic GABA release from
inhibiting the cell. A study of cotransporter expression from brain samples of drug-resistant
temporal lobe epilepsy patients revealed imbalanced NKCC1/KCC2 1 expression in the
hippocampus subiculum compared to the hippocampus proper (Palma et al., 2006). GABA is

1. NKCC1 imports Cl- and K+ with Na+ gradient. KCC2 exports Cl- with K+ gradient.
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known to depolarize immature neurons (Owens and Kriegstein, 2002) due to NKCC1
dependent Cl- accumulation. The rising intracellular [Cl-] was first shown to drive GABA
excitation in developing neurons from amphibian dorsal root ganglia and Rohon-Beard spinal
neurons (Alvarez-Leefmans et al., 1988; Rohrbough and Spitzer, 1996). Therefore, NKCC1
upregulation increases Cl- import in the hippocampus subiculum and likely renders GABA
less inhibitory, or even excitatory, in patients suffering from temporal lobe epilepsy.
In addition to cotransporter dependent Cl- elevation, sustained GABAergic input can
drive Cl- influx and promote GABAergic depolarizations that contribute to epileptic events
(Alger and Nicoll, 1982; Thompson and Gähwiler, 1989; Kaila et al., 1997; Staley and Proctor,
1999; Viitanen et al., 2010; Ruusuvuori et al., 2013; Wang et al., 2018). Prolonged Cl- influx
elevates intracellular Cl-, accumulates extracellular K+ and increases the contribution of
HCO3- conductance through GABA receptors. Cl- normally represents the majority of current
through GABAA receptors, about five times that of HCO3- . This means EGABA is approximately

ECl. However, the contribution of EHCO3 to EGABA increases during sustain GABAergic activity.
The Cl- conductance through GABA receptors (gCl) is diminished as intracellular Cl- rises. ECl
equilibrates to Vm and the driving force for Cl- is reduced. The remaining HCO3- flux now
represents a larger fraction of GABA gated conductance (gGABA) driving EGABA towards that of

EHCO3 (about -20mV). Intracellular carbonic anhydrase (CA) replenishes HCO3- and maintains
its driving force through GABAA receptors. CA simultaneously produces H+ which is buffered
or possibly exchanged with extracellular Na+ by the Na+/H+ exchanger NHE1. The
depolarized Vm increase the driving force for Cl- and brings more into the cell while KCC2 is
actively transporting K+ and Cl- out of the cell. Unable to keep up with GABA gated Cl- influx,
KCC2 consequently accumulates extracellular [K+] and reduces the gradient for KCC2 export
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of Cl-. The Na+/K+ ATPase is required to reset the K+ gradient. Thus, GABAergic
depolarizations place a significant metabolic demand on the cell and needs careful
regulation. For example, oxytocin was shown to regulate a transient GABA polarity switch
from depolarizing to hyperpolarizing during fetal delivery in rats (Tyzio et al., 2006). GABA
is depolarizing in fetal rats but briefly switches to hyperpolarizing during delivery before
becoming depolarizing again afterwards. Mechanistically, upregulated NKCC1 activity
mediates the switch independent of changes in gene expression. Physiologically, the
transient hyperpolarization is believed to reduce neuronal activity and may prevent anoxic
depolarizations from causing seizure events during birth (Dzhala et al., 2000; Tyzio et al.,
2006). To similar effect, mouse starburst amacrine cells express a Na+ driven Cl-/HCO3exchanger (NBC) that colocalized with KCC2 (Hilgen et al., 2012) and was shown to have
upregulated hippocampal expression in seizure resistant mice after induction of seizure
events (Kang et al., 2002). This mechanism may exert a protective effect in the retina as well
by aiding KCC2 maintenance of intracellular [Cl-].
Individual neurons possess differing [Cl-] when measuring EGABA using gramicidin
perforated patch recordings of rodent hippocampal neurons (Rahmati et al., 2021). Rahmati
et al compiled 20 recent publications using the aforementioned technique and identified a 25
mV range for EGABA (Rahmati et al., 2021) that likely represents subcellular and interneuronal
variances. Subcellular (somatodendritic) Cl- gradients were shown in retinal bipolar cells
(Duebel et al., 2006). The mechanism maintaining these gradients is largely attributed to
differential cation chloride cotransporter expression (NKCC1 and KCC2), however this was
challenged by Glykys et al (Glykys et al., 2014). They argue that cotransporter kinetics do
not correspond to the observed variance in EGABA and inhibition of these transporters is
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insufficient collapse the Cl- gradient in a manner expected for passive redistribution of Cl(Glykys et al., 2014; Sulis Sato et al., 2017; Goutierre et al., 2019). Conversely, impermeable
anions may contribute significantly towards the establishment of Ecl via the Donnan effect
(Donan, 1911; Delpire and Staley, 2014; Glykys et al., 2014).
The Gibbs-Donnan Effect describes the distribution of permeable ions across a
membrane when impermeable ions are present. The impermeable ions prevent reaching
ionic equilibrium as calculated by the Nernst equation and generates an osmotic pressure
towards the side of the impermeable ion. Neuronal biomolecules such as actin, tubulin, and
nucleic acids are typically negatively charged because the cytosolic pH is more alkaline than
the average pKa of the proteins constituent amino acids (Kurbel, 2011). These biomolecules
are concentrated at sites of synaptic activity and displace Cl- leading to lower [Cl-] than
expected in these subcellular compartments. Intracellular acidosis occurring can reduce the
average charge on proteins and consequently drive fast diffusion of adjacent cytoplasmic Clinto the subcellular regions of the recently neutralized biomolecules. It’s possible that activity
dependent intracellular acidosis by carbonic anhydrase contributes to depolarizing GABA in
local microdomains via neutralized charge on impermeable anions. Relevant to my research,
NO would have a similar effect since NO dependent Cl- elevations involved transient
cytosolic acidification that could be localized to synaptic microdomains.
1.7. Cl- channels
Mobilization of Cl- across membranes requires a conduit capable of shielding the
hydrophilic ion from unfavorable interactions with the lipophilic constituents of cellular
membranes. This is the task of Cl- transport proteins. The predominant view ~two decades
ago separated transport proteins into two classes, ion channels and ion transporters.
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However, the demarcation is blurred since the discovery of proteins characterized by both
transport and channel functions (Chen and Hwang, 2008). For example, the Ca2+ dependent
phospholipid scramblase TMEM16F (Ano6) performs lipid translocation and conducts Cl- (Yu
et al., 2015; Schreiber et al., 2018) while CFTR is a Cl- channel from the ATP Binding Cassette
(ABC) transporter family. In addition, the selectivity of Cl- channels is notoriously poor,
allowing nearly all anionic species as well as cations to permeate (Duran et al., 2010).
A common feature of both ion channels and passive ion transporters is they integrate
with membranes via motifs of non-polar residues and move ions down their electrochemical
gradient. In comparison to transporters, ion channels are typically multi-pass transmembrane
proteins whose transmembrane domains circumscribe polar residues to form a hydrophilic
pore that allows diffusion of the ionic species across the membrane. The dimensions of the
pore and its specific amino acid composition within it determine the selectivity filter for
conducting ions. In contrast, transporters rely on a sequence of conformational changes to
“shuttle” the ion from high-to-low electrochemical potential. The ion binds to the transporter
on the high potential side, inducing a conformational change that leads to release of the ion
on the low potential side. The free energy driving the conformational change is derived from
the electrochemical gradient.
The electrochemical gradient is often established by active transport mechanisms
involving the consumption of ATP to move ionic species “uphill”. Once active transport
generates electrochemical potential across a membrane for an ion, secondary active
transport mechanisms can utilize this available energy to move additional ions while
dissipating the gradient of the transported ion. This mechanism produces entropy through
dissipation of the electrochemical gradient (gradient diffusion) that was generated through
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ATP-dependent transport mechanism (Hsieh, 2017). Secondary active transporters can then
couple this entropy production from gradient diffusion to move a separate ion “uphill”, thus
using the electrochemical potential of one ionic species to create an electrochemical
potential on a separate ion species. These flux-coupled forces are fundamental in establishing
the resting Cl- equilibrium potential (KCC2/NKCC). In addition, the redistribution of stored
Cl- in the NO-dependent cytosolic Cl- release may involve flux-coupling of ions, such as Ca2+,
through membranes of intracellular compartments.
1.8. CFTR is Understudied in Neurons
CFTR is an ABC transporter that hydrolyzes ATP to allow passive flow of Cl- and
HCO3- across membranes. Nearly all other ABC transporters serve as transport ATPases that
actively transport a molecule against its associated electrochemical energy barrier.
Topologically, CFTR shares features of ABC transporters such as having two transmembrane
domains (TMD) and each possessing a nucleotide binding domain. The TMDs have six
transmembrane helices each making this a large protein complex. The presence of an
intrinsically disordered regulatory (R) domain differentiates it from the other ABC
transporters. The R domain lacks higher order secondary or tertiary structures while still
having biological activity (Hwang et al., 2018). In fact, phosphorylation of this domain by
PKA is required for channel function. Since PKA activity towards CFTR is regulated by
cAMP, CFTRs ion channel conductance is also indirectly regulated by cAMP (Hwang and
Kirk, 2013).
CFTR is localized to the apical membrane of epithelial cells and functions to passively
secrete Cl- thereby regulating sodium transport, transepithelial water flow, and luminal pH
(Hull, 2012b) (Saint-Criq and Gray, 2017b). Most studies on CFTR function and expression
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comes from experiments in airway epithelia where it is necessary to maintain proper mucosal
hydration and airway surface liquid pH through its movement of Cl- and HCO3. (Riordan et
al. 1989). Mutations in CFTR lead to imbalanced sodium accumulation via EnaC resulting in
fluid absorption, sticky airway mucous, acidic airway surface liquid, poor mucociliary
clearance, and ultimately pulmonary obstruction (reviewed by Ratjen et al., 2015).
Additionally, CFTR is expressed in liver (Cohn et al., 1993; Feranchak and Sokol, 2001),
pancreas (Hart et al., 2018; White et al., 2020), kidneys (Stanton, 1997), and intestinal
epithelia (Than et al., 2016). In lung microvascular endothelial cells CFTR controls reactive
oxygen species mediated cell signaling in response to inflammation (Khalaf et al., 2020).
Since CFTRs relationship to NO is soluble guanylate cyclase independent (Skinn and
MacNaughton, 2005), similar to the NO-dependent Cl- release in amacrine cells, and since
individuals with CF show reduced exhaled NO (Grasemann et al., 2015) it is plausible a
feedback loop exists between CFTR and NO that is mechanistically pertinent to retinal
amacrine cell function.
CFTRs expression and function in neurons is far less explored. However, CFTR
expression was demonstrated in rat and bovine brain (Mulberg et al., 1994), human anterior
hypothalamus (Mulberg et al., 1998), peripheral and central nervous tissue of newborn pigs
(Reznikov et al., 2013) and dorsal root ganglion neurons (Kanno and Nishizaki, 2011a).
Mutations in the CFTR gene are responsible for the disease cystic fibrosis. Cystic
fibrosis disease has persisted throughout human history. The most common mutation in

CFTR (ΔF508) likely arrived 53,000 years ago based on microsatellite haplotyping (Morral et
al., 1993), approximately during the worldwide expansion of modern humans from Africa
(Bergström et al., 2021). The discovery of CFTR lends itself to the epidemiological tractability
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of CF disease, "woe to the child who tastes salty when kissed on the forehead. He is
bewitched and soon must die”—15th century Irish proverb (Navarro, 2016). The search for
the cause of CF disease finally led to discovery of the CFTR gene in 1989 (Riordan et al.,
1989; Rommens et al., 1989).
Since its discovery, there have been many studies on the association of CFTR
mutation with human disease. DisGENET reports 2,327 publications from PubMed that
support CFTR as the cause of CF. However, there is a dearth of information relating CFTR
to neurological complications, as central nervous system dysfunction has been observed in
CF patients as they age. The circadian rhythm may be disrupted (Kim et al., 2016; Barbato
et al., 2019), sleep phase delayed (Jensen et al., 2017), increased prevalence of anxiety
(Kimball et al., 2021), as well as brain structural changes in patients with CF (Roy et al., 2021).
A decrease in grey matter density in the bilateral occipital lobe was also reported (Roy et al.,
2021) which may affect visual perception. It remains unclear whether these are primary
consequences of CFTR dysfunction in the CNS or secondary effects from impaired function
in other tissues, thus it is imperative to study the neurophysiological consequences more
directly.
1.9. TMEM16 is a Diverse Family of Transmembrane Proteins
TMEM16A (also Anoctamin 1, DOG1, TAOS2, ORAOV2) is a Ca2+ activated Clchannel that belongs to a family of 10 transmembrane proteins in vertebrates (Milenkovic et
al., 2010b). These proteins are activated by Ca2+ and can function as ion channels, lipid
scramblases, or sometimes both (Kalienkova et al., 2021b). TMEM16 proteins are expressed
in many tissues and are involved in a wide range of physiological processes. Most
information on TMEM16 proteins comes from research in epithelia, such as intestinal
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epithelia (Jang and Oh, 2014), airway epithelia (Huang et al., 2009; Cabrita et al., 2021),
airway smooth muscle (Huang et al., 2012), gastrointestinal smooth muscle (Sanders et al.,
2012), pancreatic acinar cells (Wang et al., 2020), mucous secretion (Benedetto et al., 2019),
olfactory transduction (Pifferi et al., 2012; Neureither et al., 2017b; Zak et al., 2018a), bone
remodeling (Kim et al., 2019), muscle repair (Whitlock et al., 2018b), and macrophage
immune defense (Ousingsawat et al., 2015a; Wanitchakool et al., 2017b).
TMEM16A was first identified as a Ca2+ activated Cl- channel in Xenopus oocytes
(Yang et al., 2008). In addition to Cl- it also conducts HCO3- (Ishikawa, 1996; Han et al., 2016).
TMEM16A and TMEM16B are expressed at the plasma membrane in most cell types and
are the only members conclusively shown to form Ca2+ activated Cl- channels (Caputo et al.,
2008; Schroeder et al., 2008; Yang et al., 2008; Stöhr et al., 2009b). However, TMEM16A
surface expression is regulated through alternative splicing (Ohshiro et al., 2014) and by
protein-protein interactions (Lee et al., 2016) suggesting a possible intracellular role for
TMEM16A. Heterodimeric TMEM16A/TMEM16B channels were demonstrated in vitro by
peptide association studies (Tien et al., 2013) and have been suggested to form in vivo
(Yamamura et al., 2018), but no direct evidence currently exists.
The remaining TMEM16 proteins, excluding TMEM16F, are typically localized
intracellularly, making them difficult to study directly with electrophysiology techniques. To
circumvent the difficulties in studying intracellularly expressed TMEM16 paralogues,
Schreiber et al utilized a heterologous expression system targeting intracellular TMEM16
proteins to the plasma membrane. They found that TMEM16E, -H, -J. and -K can also
conduct halides in this system. In addition, TMEM16D and TMEM16J were shown to form
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nonselective cation channels (Kim et al., 2018b; Reichhart et al., 2019b) while TMEM16F
(Suzuki et al., 2010a) and -E serve as lipid scramblases.
Members of the TMEM16 family are also found in neurons. TMEM16A expression
and function has been demonstrated in cholinergic neurons of the medial habenula (Cho et
al., 2020), nociceptive dorsal root ganglion neurons (Cho et al., 2012; Takayama et al., 2015b),
in photoreceptor synaptic terminals (Caputo et al., 2015b) and bipolar cell synapses (Paik et
al., 2020a). Pig rod photoreceptors were shown to have a Ca2+ activated anion current (Cia
et al., 2005) that was later found to be mediated by TMEM16B (Stöhr et al., 2009a). In
addition, TMEM16A was also found in the inner and outer plexiform layers of the mammalian
retina as well as GABAergic amacrine cell process (Jeon et al., 2013). TMEM16A was shown
to function in dorsal root ganglion cells in a Ca2+ signaling microdomain with IP3Rs (Liu et
al., 2010; Jin et al., 2013b) and voltage gated calcium channels (Caputo et al., 2015b) where
it acts as a noxious heat sensor (Cho et al., 2012). In DRG models of chronic pain, Ca2+ TRPV1
and TMEM16A interactions lead to depolarizations and firing because of the elevated
intracellular chloride in these cells (Takayama et al., 2015a).
In mouse, TMEM16C plays a role in thermoregulation and pain sensing by interacting
with the Slack Na+ activated K+ channel in dorsal root ganglion neurons (Huang et al., 2013a)
and contributes to K+ channel dependent excitability of hippocampal neurons (Wang et al.,
2021). TMEM16C is also highly expressed in human striatal neurons and is implicated in the
pathogenesis of craniocervical dystonia where it likely regulates ER dependent Ca2+ signaling
(Charlesworth et al., 2012). TMEM16K is a phospholipid scramblase that mediates ERendosome contact sites and is responsible for endosome sorting. Mutations in TMEM16K
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are linked to cerebellar ataxia, likely because of impaired protein trafficking by the
endosome/lysosome pathway in neurons (Petkovic et al., 2020).
TMEM16 proteins are implicated in several human diseases and pathogenesis of
neurological dysfunction (Table 1.1). The few of citations reporting diseases associations for
TMEM16 family members reflects the limited research in this area and highlights the need
for further exploration. TMEM16A expression is upregulated in many different cancers and
likely coincides with a common mechanism of oncogenesis (reviewed by Crottès and Jan,
2019). In mice, TMEM16A homozygous knockout caused developmental malformation of
the trachea and death one month after birth (Rock et al., 2008). A clinical report in humans
showed individuals homozygous for a mutant variant (c.897+3_897+6delAAGT) had
significant developmental abnormalities and high potentiality for early infancy death (Park
et al., 2021). It is also involved in inflammation, Ca2+ signaling nanodomains (Cabrita et al.,
2017), cytoplasmic Cl- homeostasis, membrane remodeling dynamics (He et al., 2017), and
with diseases such as cystic fibrosis (reviewed by Bai et al., 2021).
1.10. Nitric oxide is a Neuromodulator
Nitric oxide is a signaling molecule that is produced by multiple cell types in the
chicken retina, including four AC subtypes (Fischer and Stell, 1999; Tekmen-Clark and
Gleason, 2013b). Nitric oxide synthase (NOS) is responsible for the production of NO and
citrulline from arginine in vivo. Neuronal NOS (nNOS) is highly expressed in chicken retinal
amacrine cells (Crousillac et al., 2003). eNOS-like immunoreactivity is also widespread in the
chicken retina, including amacrine cells (Tekmen-Clark and Gleason, 2013b). High levels of
NO production can be detected at the retinal surface (Donati et al., 1995).
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Table 1.1. Disease associations of TMEM16 paralogues
Cltransporter
TMEM16A
TMEM16B
TMEM16C

gdascore
Disease association 2

3

Gastrointestinal
stromal tumors
Panic disorder

0.1
00
0.1
10
0.7
10
0.3

0.769

CaCC

1

0.346

CaCC

2

0.385

CaCC? PLS?

3

0.192

4

0.9
20
0.6
60
0.0
50
0.1

0.538

PLS, Ca2+-activated cation
channel
PLS

6

0.115

PLS, Ca2+-activated Cl-/Na+
channel
unknown

7

0.192

Membrane tether

8

0.0
10
0.7
30
1.0
0

0.154

PLS, cAMP-dep cation
channel
PLS

9

cAMP-dep ATP gated Cl/HCO3- channel

11

TMEM16E

Craniocervical
Dystonia
Substance abuse,
endometrioma
Muscular dystrophy

TMEM16F

Scott syndrome

TMEM16G

Prostate cancer

TMEM16H
TMEM16J

Major Depressive
Disorder
Pancreatic cancer

TMEM16K

Cerebellar ataxia

CFTR

Cystic fibrosis

TMEM16D

DPI 4 Function

0.423

0.5
0.885

Ref

5

10

Refs: 1, (Vallejo-Benítez et al., 2017; Fröbom et al., 2019); 2, (Subaran et al., 2012); 3,
(Charlesworth et al., 2012; Huang et al., 2013a; Wang et al., 2021); 4, (Drgon et al., 2010;
Aghajanova et al., 2011; Reichhart et al., 2019b); 5, (Schessl et al., 2012; Griffin et al.,
2016); 6, (Suzuki et al., 2010b; Yang et al., 2012b; Feng et al., 2019b; Stabilini et al.,
2021a); 7, (Kiessling et al., 2005; Kaikkonen et al., 2018); 8, (Wong et al., 2017; Jha et al.,
2019); 9, (Suzuki et al., 2013b; Jun et al., 2017; Kim et al., 2018a); 10, (Vermeer et al.,
2010; Bushell et al., 2019; Nieto et al., 2019; Petkovic et al., 2020); 11, (Kerem et al., 1989;
Schwiebert et al., 1994; Hwang and Kirk, 2013).
1. Disease associations and metrics (gdascore and DPI) were obtained from DisGeNET.org.
2. Gene-disease association scores are calculated by weighting the number of sources and publications
supporting the association. Ranges from 0-1 with higher values indicating stronger support for the genedisease association.
3. Disease Pleiotropy Index is a measure of the number of associated MeSH disease classes per total
number of associated MeSH diseases. Ranges from 0-1 with higher values signifying more pleiotropic
disease associations.
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NO production can then initiate downstream events through s-nitrosylation of
proteins (nitrosthiols) and activation of soluble Guanylate Cyclase (sGC). In addition, NO
may interact with cellular biomolecules to produce NO derivatives, such as peroxynitrite,
capable of mediate downstream effects (Brown and Borutaite, 1999; Poderoso et al., 2019).
Nitric oxide was shown to affect neuronal adaptation in the turtle retina (TAHA and
Perlman, 2018). Different effects were measured by electroretinogram on PRs and BCs.
While PRs show increased sensitivity with NO production, BCs had an opposing response.
The authors attributed the PR response to NO activation of guanylate cyclase while the BC
response was mediated by a guanylate cyclase independent response, similar to what is seen
in our cultured retinal amacrine cells (TAHA and Perlman, 2018).
1.11. Experimental Challenges to Studying Intracellular Cl- Dynamics
Studying intracellular ion dynamics has become easier with the advent of fluorescent
dyes and genetically encoded fluorescent sensors. However, intracellular Cl- dynamics
remain difficult to accurately measure due to the pH dependence of fluorescent indicators
and the inaccessibility of intracellular organelles to patch clamp techniques. The NOdependent Cl- release involves a pH decrease and Ca2+ elevation which confounds the data
from most fluorescent indicators. However, ClopHensorN was developed to circumvent the
pH dependence by simultaneously measuring both Cl- and pH (Raimondo et al., 2013).
Although promising, this genetically encoded fluorescent indicator requires excitation at
three wavelengths via confocal microscopy therefore exacerbating phototoxicity on live
cells. In addition, laser power at the specimen must be recorded to correct for fluctuations
and artifacts in the data. Spinning disc confocal microscopy can alleviate both issues. By
reducing laser exposure time, phototoxicity is limited and power fluctuations are less
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apparent. I performed ClopHensorN imaging on amacrine cells to see Cl- and H+ dynamics
in response to NO (Fig. 1.3). Data was collected on a spinning disk confocal.

Figure 1.3. ClopHensorN measures Cl- and pH in retinal amacrine cells.
Representative traces of the NO induced shift in [Cl-] and [H+] using ClopHensorN in an
amacrine cell. Chick retinal amacrine cells were transfected with a genetically encoded
ratiometric fluorescent indicator (ClopHensorN) and cell body imaged on a spinning disk
confocal. Data for both traces are normalized to their respective maxima. There is a brief
increase in the fluorescence ratio for Cl- (Exc.λ458/594) followed by a sharp drop upon NO
application. The ratio for pH (Exc.λ488/594) shows an immediate decrease in response to
NO. The change in fluorescence ratio represents the inverse change in concentration.
Therefore, measured Cl- concentration briefly decreases followed by a steep increase
whereas the concentration of H+ increases immediately. No corrections for power
fluctuations were applied. Experiment was repeated on 4 cells with similar results.
Electrophysiological techniques are powerful and allow scientists to measure single
channel currents. However, directly recording ion channel activity requires patching onto
the membrane expressing the ion channel being studied. Intracellular ion channels are
therefore inaccessible by standard electrophysiology methods. There are modified patchclamp techniques that measure intracellular signaling cascades directly, such as patch-cram,
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(Trivedi and Kramer, 1998) but experimental setup can be quite complicated. In addition,
one may fabricate a large recording pipette and insert a smaller one inside. The large pipette
generates a plasma membrane seal before the smaller electrode is inserted and sealed with
an organellar membrane. This method requires complicated pipette fabrication with low
success rate (Jonas et al., 1997).
Our solution is to measure Cl- currents through a plasma membrane expressed
ionotropic Cl- channel i.e., GABAA receptors. This allows us to monitor cytosolic Cl- dynamics
using standard patch clamp techniques by measuring changes in the reversal potential for Clthrough GABAA receptors. This indirect technique is powerful but limits our ability to localize
the cellular structure (soma or process) or organelle responsible for releasing Cl- into the
cytosol. We are measuring what may be a nanodomain signaling phenomenon but are limited
to detecting global changes in transmembrane Cl- conductance.
The “signalosome” responsible for the NO-dependent release of Cl- involves Clchannels (although Cl- binding proteins may also be involved). Cl- channels are typically large
multi-pass transmembrane proteins that are often difficult to study by biochemical methods
due to their amphipathic nature (Harb and Tinland, 2020). The significant hydrophobicity of
their transmembrane domains results in strong lipid binding while the polar surface residues
require an aqueous environment to isolate them (Luckey, 2017). Often, detergent micelles
are used to extract these proteins because they satisfy the amphipathic requirements, but
these micelles can interfere with downstream analyses and removing them can be a
challenge. For example, transmembrane protein migration in polyacrylamide gel
electrophoresis can be altered by detergent and/or lipid binding (Rath et al., 2009) and their
hydrophobicity can lead to precipitation in the gel that precludes their separation (Di
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Girolamo et al., 2010). One solution is to extract the membrane proteins with its lipid
environment using non-denaturing detergent, delipidate by methanol precipitation, and
resuspended in a strongly chaotropic buffer to denature and maintain solubility of the protein
during the run.
Another significant problem when studying chloride channels is the lack of specific
pharmacological inhibitors. The channels themselves are notoriously non-selective in their
conductance which partly explains the difficulty in identifying specific channel blockers. This
the primary reason for using CRISPR/Cas9 to reduce channel expression. Since there are no
readily available genetic models for chick, I produced the genetic perturbations
independently for each experiment. CRISPR/Cas9’s ease of use, low cost, and the potential
to contribute towards therapeutics for genetic disease made it an attractive tool from my
perspective.
1.12. CRISPR/Cas9
The clustered regularly interspaced palindromic repeat (CRISPR) system functions
endogenously in bacteria and archaea as a host defense against invading phages and
plasmids (Wiedenheft et al., 2012). The CRISPR array (Fig. 1.4) has several important
features: Palindromic repeats serve as reference points within the array separating unique
sequences called protospacers that are derived from previous infections by viruses or
plasmids. These protospacers are processed by a Cas1-Cas2 complex that integrates the
foreign DNA into the host genome in an orientation-specific manner near an AT rich segment
known as the leader sequence (Nunez et al., 2015). Once stored within the array, the spacers
are later transcribed into a pre-crRNA. Further processing of the pre-crRNA into a mature
crRNA provides target recognition capability to CRISPR associated enzymes (Cas). Once Cas
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proteins form ribonucleoprotein (RNP) complexes with crRNAs they search for and cleave
the cognate DNA sequence of the invading pathogen. A protospacer adjacent motif (PAM)
serves as an additional requirement found in the foreign DNA to be targeted by Cas9.

Figure 1.4. CRISPR array diagram. Type II CRISPR system integrates invading
pathogen DNA into a CRISPR array. Processing of the pre-crRNA transcript produces the
effector ribonucleoprotein complex.
The PAM is short nucleotide sequence found immediately downstream of the target
recognition site in the foreign DNA molecule and must be present for Cas9 to cleave the
DNA. This sequence is absent from the host organism genomic DNA which prevents self-
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recognition and cleavage of the CRISPR array (Jinek et al., 2012). There are at least two
Classes (I and II) of CRISPR systems that are further divided into six Types (I-VI) (Koonin et
al., 2017; Liu et al., 2018) which differ in pre-crRNA processing mechanisms and specific
Cas/crRNA RNP composition. The Class I systems (Types I, III, and IV) use multiple Cas
endonucleases to process the pre-crRNAs. The mature crRNA then forms RNPs that
associate into a large multi-Cas enzyme complex capable of target recognition and cleavage.
The Class II (Types II, V, and VI) systems is widely utilized in gene editing techniques and
differs in pre-crRNA processing. The processing of pre-crRNAs requires a trans activating
crRNA (tracrRNA) that basepairs with the crRNA in the palindromic repeat region. This
double stranded RNA becomes a substrate for further processing by RNase III. Cas9 is the
sole endonuclease responsible for silencing of invading organisms in Type II systems and is
the most widely used for gene editing experiments.
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CHAPTER 2. CFTR. 5
2.1. Introduction
The regulation of cytosolic and organellar Cl- is critical to normal cellular physiology
(Faundez and Hartzell, 2004; Stauber and Jentsch, 2013). In neurons, cytosolic Cl- has the
additional role of determining the sign of GABA and glycinergic synapses. When
postsynaptic cytosolic Cl- levels are low and the equilibrium potential for Cl- is quite negative,
GABA and glycine will cause inhibition. If postsynaptic cytosolic Cl- levels are elevated,
however, inhibition is either reduced or is converted to excitation (Kaila et al. 2014).
Amacrine cells are retinal interneurons that receive depolarizing input from glutamatergic
bipolar cells and make primarily inhibitory GABA and glycinergic synapses onto retinal
ganglion cells that then send the retinal signal to higher visual centers. The most common
synaptic interactions for amacrine cells, however, are with other amacrine cells (Marc and
Liu 2000). Additionally, amacrine cell dendrites can have adjacent pre- and postsynaptic
sites, making regulation of local Cl- levels especially important.
Our laboratory demonstrated that NO can elicit the release of Cl- from acidic
organelles (Hoffpauir et al., 2006; Krishnan and Gleason, 2015) and that this release is
dependent on transient cytosolic acidification (McMains and Gleason, 2011). However, the
transporter(s) mediating this NO-dependent internal Cl- release has remained elusive. Many
of the pharmacological modulators of Cl- channels and transporters lack specificity or are
unavailable, making the mediators of this Cl- efflux pathway challenging to identify. CFTR is

5. This chapter is adapted from Krishnan, V., Maddox, J.W., Rodriguez, T., and Gleason, E. (2017). A role
for the cystic fibrosis transmembrane conductance regulator in the nitric oxide-dependent release of Cl(-) from
acidic organelles in amacrine cells. J Neurophysiol 118(5), 2842-2852. doi: 10.1152/jn.00511.2017. Copyright 2017
the American Physiological Society.
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a good candidate for involvement in this mechanism because CFTR currents can be
potentiated by cytosolic acidification (Chen et al., 2009).
CFTR is a member of the ABC transporter family that functions as an ATP and
phosphorylation dependent anion channel that supports the flux of Cl- (reviewed in Hwang
and Sheppard, 2009). This channel has been extensively studied in the context of epithelia
because of the deleterious effects of its mutated forms in cystic fibrosis (Riordan et al., 1989).
The most common mutation, ΔF508, leads to abnormal folding of the protein and reduced

trafficking to the epithelial apical plasma membrane (Wang et al., 2014). CFTR expression is
not, however, confined to epithelia. For example, it is expressed in the cardiovascular system
in cell types such as cardiac myocytes (Gadsby et al., 1995), endothelial cells (Tousson et al.,
1998), and immune cells (Di et al., 2006; Painter et al., 2006). Other examples of CFTRexpressing cell types include smooth muscle (Vandebrouck et al., 2006), skeletal muscle (Tu
et al., 2010), osteoblasts (Shead et al., 2007), and neurons (Mulberg et al., 1995; Guo et al.,
2009a; Guo et al., 2009b; Su et al., 2010).
The limited number of functional studies in neurons demonstrate a role for CFTR in
regulating cytosolic Cl- (Morales et al., 2011; Ostroumov et al., 2011), nonvesicular ATP
release (Kanno and Nishizaki, 2011b), glucose sensing by hypothalamic neurons (Murphy et
al., 2009; Chalmers et al., 2014), exocytosis (Weyler et al., 1999), and peripheral nerve
myelination (Reznikov et al., 2013). In addition to its well-established expression at the
plasma membrane, CFTR can be active in multiple acidic organelles, including the transGolgi (Barasch et al., 1991), endosomes (Biwersi and Verkman, 1994), and lysosomes (Liu et
al., 2012).
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To explore the involvement of CFTR in the NO-dependent release of Cl- from acidic
organelles, we first investigated the expression of CFTR in retinal amacrine cells by looking
for the presence of both mRNA and protein. We then examined the effects of selective
pharmacological inhibition of CFTR function. Finally, we determined the consequences of
inhibiting the expression of CFTR with a CRISPR/Cas9 gene editing strategy. Our results
demonstrate that CFTR is expressed by amacrine cells and that it is required for the NOdependent release of Cl- from acidic organelles.
2.2. Materials and Methods.
RT-PCR
Five amacrine cells were aspirated into a siliconized glass micropipette and the tip
broken in a PCR tube containing 10uL of oligo dT Dynabeads. Sigmacote siliconizing reagent
was purchased from Sigma (St. Louis, Mo). Dynabeads from Ambion (Waltham, MA) were
previously prepared according to the manufacturer’s instructions. The cells were then
disrupted and mRNA bound to the oligo dT beads by vortexing for 8 minutes, after which
mRNA was isolated according to the manufacturers protocol. Amplification was immediately
performed using the Superscript III OneStep RT-PCR kit with Platinum Taq from Invitrogen
(Waltham, MA). Forward CFTR Primer: AGAGTGTCATCCAAGCCTGC, Reverse:
AGTGAGATTCGTGCTCGCTG. Products were verified by sequencing.
Single transfected neurons were harvested one week after transfection for genomic
PCR as described for RT-PCR with the following modifications. The cells were collected in a
proteinase K solution from the Arcturus Pico Pure kit from Invitrogen and DNA extracted
following manufacturers protocol. The genomic DNA from a single neuron was then
amplified using Q5 Hotstart High Fidelity DNA polymerase from NEB (Ipswich, MA).
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TthRecA (also from NEB) along with its cofactor ATP, was added to the amplification mix to
improve specificity and yield (Shigemori et al., 2005). Primers for genomic DNA amplification
were designed complementary to introns flanking the targeted exon. Sequences are as
follows, CFTR gDNA forward: AGTTCTGCTGGTAGTGAGTTG and CFTR gDNA reverse:
GCGTGCTTACTTTATGGAGG.
T7 Endonuclease I assay (purchased from NEB) was performed according to the
protocol provided by NEB for determining genome targeting efficiency. TIDE (Tracking of
Indels by DEcomposition) analysis was done using the web tool by Brinkman et al. (2014).
Immunocytochemistry
Cultured retinal neurons were plated on polyornithine coated dishes. The media was
removed and the dish washed three times with HBSS. Cells were fixed with 4%
paraformaldehyde for 30 minutes at 4°C, washed with 30 mM glycine and then permeablized
with Triton X-100. Blocking was performed for 30 minutes at 4°C with 5% normal goat serum,
1% BSA, 0.5% saponin. The primary (Rabbit anti-CFTR polyclonal) was diluted in 1%BSA
0.5% saponin and incubated for 2 hours at room temperature. Goat anti-rabbit Dylight 488
was incubated for 1 hour at room temperature. Images were taken on an Olympus IX70
inverted microscope with a SensiCam QE using Slidebook 5.5 software.
CRISPR methods
The plasmid pSpCas9(BB)-2A-GFP was a gift from Feng Zheng. A single guide RNA
was designed targeting exon 7 of CFTR. The sgRNA used for transfection was selected
targeting amino acids 280-281 of intracellular loop 2 between transmembrane segments IV
and V of the first membrane spanning domain. It participates in “domain-swapping” by
interacting with NBD2 of the second membrane spanning domain (He et al., 2008) and
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crosslinking of ICL2 to NBD2 completely inhibited single channel gating (Serohijos et al.,
2008), and is involved in regulating the channels chloride conductance state (Xie et al., 1995).
The sgRNA’s were designed using the web tool http://crispr.mit.edu to screen for off target
effects and the oligonucleotides used to generate the construct targeting CFTR were
purchased from Integrated DNA Technologies and cloned into pSpCas9(BB)-2A-GFP
according to (Ran et al., 2013). The oligos used to generate the sgRNA are CFTR E2 forward:
caccgCTATTGCTGGGAAGATGCAA,

CFTR

E2

reverse:

aaacTTG

CATCTT

CCCAGCAATAg. 1 µg of the construct was delivered to ~8x106 mixed retinal cells with an
Amaxa nucleofector 2b (Lonza). The vector without sgRNA was used transfected in parallel
for control experiments.
Electrophysiology
Cultured retinal amacrine cells in dishes were mounted onto an Olympus IX70
inverted microscope for patch clamping. Pipettes were pulled in the 8-11 MΩ range from
thick-walled borosilicate glass. Experiments were performed on retinal amacrine cells in
whole cell voltage clamp mode using an Axon 1-D and Clampex 9 software. Filtering was
performed at 2 kHz and digitization at 5 kHz using a Digidata 1322A or Digidata 1400A.
GigaΩ seals were achieved, and recordings rejected if membrane resistance dropped below
500MΩ. Voltage ramp experiments were performed by holding the cell at -70mV and then
ramping from -90mV to +50mV over a period of 200 ms. A pair of ramps was delivered for
each recording, the first in the absence of GABA and the second with GABA in the external
solution. Junction potential was determined with pClamp calculator and estimated to be 13mV. The current from the second ramp was leak subtracted by the amount of current from
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the first ramp. Experiments were from 4 different transfections and performed at room
temperature.
2.3. Results
To determine whether CFTR is expressed by amacrine cells, mRNA from pools of five
amacrine cells was amplified by RT-PCR using CFTR gene-specific primers. A single PCR
product was produced at the correct size (121 bp; Fig. 1A), and sequencing confirmed that it
was from CFTR. To determine whether the CFTR protein is expressed, a polyclonal antibody
raised against human CFTR was identified that recognizes a single band of the appropriate
molecular mass (168 kDa) in chicken brain homogenate (Fig. 1B). In culture, the antibody
labeled amacrine cells both at the cell body and in neuronal processes (Fig. 1C). Cone
photoreceptor cells were also present in our cultures, and although they lack outer segments,
they are easily identifiable by their characteristic morphology and the possession of an oil
droplet (Fig. 1D, arrow) (Adler et al., 1984; Wilson and Gleason, 1991). These cells had a
distinctive labeling pattern where CFTR immunoreactivity was especially concentrated in
the ellipsoid region of the cell, a domain rich with mitochondria (Fig. 1D, asterisk).
Presumably, this pattern reflects a strong localization of CFTR to mitochondrial membranes.
In sections of adult chicken retina, strong CFTR labeling was also seen in photoreceptor
ellipsoids (Fig. 1E) as well as in the outer plexiform layer, where synapses between
photoreceptors and horizontal and bipolar cells are found. Some CFTR labeling can be seen
throughout the inner nuclear layer where horizontal, bipolar, and amacrine cell bodies reside.
In this layer, the most distinctive labeling is in the inner one-third to one-half, where amacrine
cell bodies predominate. Labeling was found throughout the inner plexiform layer, where
amacrine as well as bipolar cells make their synapses. Additionally, there was a band of more
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intense labeling near the outer margin of the inner plexiform layer (Fig. 1E, arrowheads).
Cells in the ganglion cell layer as well as the ganglion cell axons were also labeled. Together,
these results indicate that the CFTR protein is expressed by amacrine cells both in culture
and in the intact retina. Furthermore, CFTR is broadly expressed in the retina and thus has
the potential to influence retinal function at multiple sites.
To investigate the role of the CFTR in the NO-dependent release of Cl- from acidic
organelles, experiments were done in the absence of extracellular and intracellular (pipette)
Cl- to isolate the intracellular store as the only source of Cl-. Wash- out of cytosolic Cl- was
verified by the absence of a response to pulses of GABA (20 µM; Fig. 2A, top left) with the
cell held at -70 mV. After NO, small GABA-gated inward currents are transiently observed,
which represent Cl- released from the internal store and then exiting the cell via the open
GABAA receptors (Hoffpauir and Gleason, 2002). NO-dependent GABA-gated currents
disappear during the next recording of five GABA pulses. The effects of two cell permeable
CFTR inhibitors were tested: glibenclamide (20 µM) and CFTRinh-172 (10 µM). Glibenclamide
functions as an internal pore blocker and is also known to inhibit ATP-dependent K+ channels
(Sheppard and Welsh, 1992; Sheppard and Robinson, 1997). CFTRinh-172 affects CFTR
channel gating (Kopeikin et al., 2010) and can affect mitochondrial function, although not in
the time frame of exposure in these experiments (Kelly et al., 2010). For both inhibitors, cells
that had demonstrated NO-dependent Cl-release under control conditions were no longer
responsive to NO in the presence of the inhibitors (Fig. 2, A and C, bottom right traces).
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Fig. 2.1. CFTR expression. Amacrine cells express CFTR mRNA and protein. A: RTPCR product amplified from a pool of 5 amacrine cells at the predicted size (121 bp). B:
Western blot of chicken brain homogenate probed with a polyclonal antibody raised against
human CFTR. A prominent band is observed near the predicted molecular mass of 168 kDa.
C: an amacrine cell labeled with the anti-CFTR antibody. D: a cone cell in culture (top),
identified by its oil droplet (arrow), has a high density of labeling in the ellipsoid (asterisk);
bottom, secondary only control. Scale bars are 10 µm. E: anti-CFTR labeling in a section of
adult chicken retina. Strong labeling can be seen in the ellipsoid (E) region of the
photoreceptors (PR), as observed in culture. OPL labeling can also be observed, possibly due
to CFTR expression in photoreceptor terminals. A secondary-only control is shown at right,
photoreceptor autofluorescence is visible. Experiments were performed on at least 3
separate cultures and retinas from at least 3 different animals. TCR contributed panel A and
evaluated the anti-CFTR antibody used in this figure.
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On average, the CFTR inhibitors significantly blocked the ability of NO to generate GABAgated currents due to release of internal Cl- (control current:36.2±18.2 pA, n=5;
glibenclamide current: 2.0±1.3 pA, n=5, P<0.05, paired t-test; control current: 16.8±2.6 pA,
n = 7; CFTRinh-172 current: 1.1±0.6 pA, n=7, P < 0.001, paired t-test). To confirm that
glibenclamide and CFTRinh-172were inhibiting the NO-dependent release of Cl-, we
estimated the Cl- content of the cytosol by measuring the reversal potential of the leaksubtracted GABA-gated current (ErevGABA) in solutions containing normal Cl- concentrations.
Under control conditions, NO caused a shift in ErevGABA of the current in the positive direction,
indicating an increase in cytosolic Cl- (Fig. 3, A and C).

Fig. 2.2. Pharmacological inhibition of CFTR blocks Cl- release. A: representative
traces from an amacrine cell voltage-clamped at -70 mV with pulses of GABA (20 µM) applied
as indicated by the horizontal bars. Recordings were made in Cl- -free internal and external
solutions. The absence of GABA-gated currents indicates that cytosolic Cl- has washed out.
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Under control conditions, NO elicits a small, GABA-dependent inward current, which
represents newly available cytosolic Cl- exiting through open GABA receptors. In the same
cell but in the presence of glibenclamide (20 µM), no GABA-gated currents appear after NO.
B: mean current amplitudes before and after NO are plotted for control and glibenclamide
data (n=5). *P<0.05, paired t-test. C: the same experiment as in A, but data are shown from
a different amacrine cell and the effectiveness of CFTRinh-172 (10 µM) was tested. D: mean
current amplitudes are plotted for the GABA-gated currents in the presence and absence of
CFTRinh-172 (n=7). ***P<0.001, paired t-test. Individual data points are plotted with the
dotted line indicating the mean and the bars indicating SE. TCR contributed cultured retinal
neurons used in this figure.
In the presence of either glibenclamide or CFTRinh-172, however, the shifts in ErevGABA
were suppressed (control: 26.7 ± 4.5 mV, n = 9; glibenclamide: 1.6±1.2 mV, n=7; CFTRinh172: -0.3±0.5 mV, n=9, P < 0.0001, 1-way ANOVA with Tukey’s multiple comparisons test;
Fig. 3F). When the inhibitors were applied first, NO-dependent shifts in ErevGABA could still be
observed after the wash (Fig. 3, Ei–Eiv), indicating that the effects of the inhibitors were at
least partially reversible. Another CFTR inhibitor, GlyH101, was also tested, but it inhibited
the GABA- gated currents, making measurements of ErevGABA difficult. This unexpected effect
of GlyH101 may be due to its activity as an external Cl- channel pore blocker (Sonawane and
Verkman 2003). Nonetheless, the effects of the other inhibitors suggest that CFTR activity is
required for the NO-dependent release of Cl- from acidic organelles.
To confirm a role for CFTR, we used a CRISPR/Cas9 gene editing strategy to knock
down expression of the protein. To confirm that Cas9 was targeted to the 7th exon of CFTR
to induce indels (insertions/deletions), the 7th exon was PCR amplified from either single
transfected amacrine cell genomic DNA (Fig. 4Ai) or pooled genomic DNA from cultures
(Fig. 4Aii; containing both transfected and nontransfected cells) that were transfected with
either pCRISPR-CFTR or pSpCas9. The PCR product (~394 bp) was then analyzed for indels
in the CFTR gene using the T7 endonuclease I (T7E1) mutation assay (EnGen Mutation kit;
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New England Biolabs). T7E1 cleaved heteroduplexed PCR products amplified from cells
transfected with pCRISPR-CFTR into appropriately sized fragments (~228 and ~166 bp) but
did not cleave the PCR products amplified from cells transfected with pSpCas9 for samples
derived from both transfected individual amacrine cells (Fig. 4Ai) or transfected cultures (Fig.
4Aii). These results demonstrate that pCRISPR-CFTR is effective at targeting Cas9 to the 7th
exon of CFTR to induce indels, which lead to the reduction in CFTR expression.
To assess the effectiveness of knocking down CFTR expression by targeting Cas9 to
the 7th exon of the CFTR gene with the CFTR-specific sgRNA, amacrine cells transfected
without the sgRNA (pSpCas9td) or with the sgRNA (pCRISPR- CFTRtd) were labeled using
the same anti-CFTR antibody as in Fig. 1 (Fig. 4, B–G).
Cells that were transfected with pCRISPR-CFTRtd had a 69% reduction in the total
CFTR- labeled area in processes (pSpCas9td: 14.58±1.7 µm2, n =10; pCRISPR-CFTRtd:
4.5±1.1 µm2, n=10, P = 0.0001, Welch’s t-test; Fig. 4H), a ~34% reduction in CFTR-labeled
object size (pSpCas9td: 71.27±5.74 nm2, n = 10; pCRISPR-CFTRtd: 47.01±5.24 nm2, n=10,
P=0.006, Welch’s t-test; Fig. 4I), and a 35% reduction in the CFTR object fluorescence
intensity [pSpCas9td: 5,319±419.8 arbitrary units (A.U.), n=10; pCRISPR-CFTRtd:
3,472±425.2 A.U., n=10, P =0.006, Welch’s t-test; Fig. 4J]. The tdTomato fluorescence
intensity within the area of CFTR labeling (CFTR objects) was not significantly different
(pSpCas9td: 4,430 ± 828.4 A.U., n = 10; pCRISPR-CFTRtd: 3,365 ± 553.2 A.U., n = 10, P
=0.3, Welch’s t-test; Fig. 4K). Cell bodies were analyzed separately, and CFTR fluorescence
intensity was reduced by 18% in the pCRISPR-CFTRtd-transfected cells compared with
control (pSpCas9td; 100,994 ± 6,065 A.U., n = 9; pCRISPR-CFTRtd: 82,444 ± 5,496 A.U., n
= 10, P = 0.04).
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Fig. 2.3. Inhibition of CFTR reduces shift in ErevGABA. A and B: leak-subtracted currents
are shown in response to a voltage ramp (200 ms) delivered in the presence of GABA (20
µM) and in normal internal and external Cl- solutions. Holding voltage was -70 mV. Inset
depicts the voltage protocol. The current from the first ramp is subtracted from the current
in the presence of GABA during the second ramp. Under control conditions, after NO, the
reversal potential ErevGABA shifted to the right by ~12 mV. B: in glibenclamide (20 µM), NO did
not elicit a shift in the reversal potential in the presence of the inhibitor. C and D: the same
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experiment as in A and B but in a different amacrine cell and with CFTRinh-172 (10 µM),
which also blocked the shift. E: representative traces from 2 amacrine cells where the effects
of NO on ErevGABA were tested first in the presence of the inhibitors (i and iii) and then after
the inhibitors were washed out of the bath (ii and iv). F: ErevGABA shift amplitudes for individual
amacrine cells in the 3 conditions (control, n= 9; glibenclamide, n= 7; CFTRinh-172, n= 9).
****P< 0.0001, 1-way ANOVA with Tukey’s multiple comparisons test. Individual data
points are plotted with the dotted line indicating the mean and the bars indicating SE. TCR
contributed cultured retinal neurons used in this figure.
To assess the physiological effects of the CFTR gene editing, voltage-clamp
recordings were made from amacrine cells transfected with pCRISPR-CFTR, with the
construct minus the guide RNA sequence (pSpCas9), GFP-negative cells from a transfection
(-GFP), and nontransfected cells. Amacrine cells were recorded from 4 –7 days after
transfection and plating. ErevGABA was determined by measuring the leak-subtracted current
produced by voltage ramps delivered in the presence of GABA.
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Fig. 2.4. CRISPR/Cas9 edits CFTR gene and reduces the expression. Ai: T7
endonuclease I (T7EI)-digested heteroduplexed PCR products, which contained indels
(insertions/deletions) near the predicted lengths (228 and 168 bp), that were amplified from
genomic DNA extracted from single amacrine cells transfected with pCRISPR-CFTR and
pSpCas9. T7EI only digested heteroduplexed PCR products amplified from the amacrine cell
transfected with pCRISPR-CFTR. Aii: T7EI-digested heteroduplexed PCR products,
containing indels near the predicted lengths (228 and 168 bp), that were amplified from
genomic DNA extracted from a population of cultured retinal cells transfected with
pCRISPR-CFTRtd. T7EI did not digest heteroduplexed PCR products amplified from
genomic DNA extracted from a population of cells transfected with pSpCas9td. B–G:
representative amacrine cells transfected with pSpCas9td (B–D) and pCRISPR-CFTRtd (E–
G). Anti-CFTR labeling (C and F) and merged images (D and G) are shown. White boxes in
B–G are shown at higher magnification in Bi–Gi, respectively. Scale bars are 10 µm (B–G)
and 5 µm (Bi–Gi). H–K: data from analyzed processes from cells transfected with the
pSPCas9td construct and processes from cells transfected with pCRISPR-CFTRtd. Shown
are mean total CFTR area (H), the mean CFTR object size (I), the mean CFTR intensity (J),
and the mean tdTomato intensity within the CFTR object domains (K); n=10 for both groups;
A.U., arbitrary units. **P<0.01; ***P<0.001, Welch’s t-test. Individual data points are plotted
with the longer center line indicating the mean and the shorter bars indicating SE. This
experiment was repeated on cells from 3 different transfections. Similar qualitative results
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were obtained from each experiment. However, the transfection with the least transfectionrelated debris was chosen for quantitative analysis to maximize the quality of the data.TCR
contributed panel A.
NO-dependent positive shifts in ErevGABA were not observed in amacrine cells transfected with
pCRISPR-CFTR (mean shift -3.6 ± 2.7 mV, n = 26; Fig. 5, A and E), but NO-dependent
positive shifts in ErevGABA were observed for all the control cell populations (mean shifts;
pSpCas9: 13.5±3.0 mV, n=22; –GFP: 14.1±3.5, n=16; nontransfected: 19.9 ± 4.4 mV, n=10;
Fig. 5, B–D). Mean shift values for cells transfected with the full construct were significantly
different from those observed in each of the control cell populations (P < 0.0001, 1-way
ANOVA, Tukey’s multiple comparisons test; Fig. 5F). In some pCRISPR-CFTR cells, NO
produced a negative shift in ErevGABA, suggesting that Cl- is leaving the cytosol. Similar
observations were made in the inhibitor experiments (Fig. 3). We currently do not know the
mechanism underlying this observation, but it might reflect interactions between transport
mechanisms and an imbalance generated by the reduction in CFTR expression (or function).
2.4. Discussion
Amacrine cell RT-PCR and immunocytochemistry experiments demonstrate that
these cells express CFTR mRNA and protein, respectively. Established inhibitors of CFTR,
glibenclamide (Sheppard and Welsh, 1992) and CFTRinh-172 (Ma et al., 2002), prevent the
release of Cl- from acidic organelles by NO, and a reduction in CFTR expression by using
CRISPR/ Cas9 to disrupt the CFTR gene also prevents NO from releasing internal Cl-.
Together these results indicate that CFTR is required for the NO-dependent release of Clfrom acidic organelles. Resting our conclusions on pharmacology alone would be less
compelling, because although they are well stablished to inhibit CFTR currents, both
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glibenclamide and CFTRinh-172 are known to inhibit the function of other channels. For
example, glibenclamide also blocks ATP-sensitive K+ channels (Sturgess et al., 1988), and
CFTRinh-172 blocks the volume sensitive outwardly rectifying Cl- conductance (Melis et al.,
2014). Fortunately, the channels other than CFTR that these inhibitors affect do not overlap
such that the similar effects of the inhibitors shown in the present study are consistent with
inhibition of CFTR. The pharmacology of human CFTR is fairly well worked out, but there is
evidence that the pharmacology of this protein differs across species. For example, CFTRinh172 has little inhibitory effect on shark CFTR but is effective (in order of declining
effectiveness) on human, killifish, and pig CFTR (Stahl et al., 2012).
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Fig. 2.5. Knockdown of CFTR eliminates shift in ErevGABA. A–D: voltage-clamp
recordings from representative amacrine cells held at -70 mV. Voltage ramps (200ms) were
applied during the application of GABA, and leak-subtracted GABA-gated currents are shown
before and after NO. Inset (A) depicts the voltage protocol. The current from the first ramp
is subtracted from the current from the current in the presence of GABA obtained during the
second ramp. An NO-dependent shift in ErevGABA can be observed in control cells (B–D) but
not in cells transfected with pCRISPR-CFTR (A). The NO-dependent increase in GABA-gated
current amplitude occurs in some cells (A, C, and D) and has been previously described
(Hoffpauir et al. 2006). E: example of a GFP-expressing transfected amacrine cell. Scale bar,
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20 µm. F: mean shift data for amacrine cells transfected with pCRISPRCFTR and pSpCas9,
amacrine cells from transfected dishes that were GFP negative (–GFP), and nontransfected
amacrine cells (pCRISPRCFTR, n=28; pSpCas9, n=22; –GFP, n=16; nontransfected, n=10).
****P <0.0001, 1-way ANOVA with Tukey’s multiple comparisons test. Individual data
points are plotted with the dotted line indicating the mean and the bars indicating SE. Data
were gathered from cells generated from 4 separate transfections. TCR performed
transfection of retinal neurons for this figure.
Limited information is available on chicken CFTR; however, 300 µM glibenclamide
partially inhibits a current that is elicited by parathyroid hormone and is dependent on Cl(Laverty et al., 2003), and CFTRinh-172 (20 µM) inhibits CFTR (Laverty et al., 2012) in chicken

proximal tubule monolayers. Functional differences between human and chicken have been
observed for CFTR single-channel currents measured in planar bilayers (Aleksandrov et al.,
2012). That study showed that the single-channel conductance and the probability of opening

was higher for chicken CFTR than for human CFTR, but it is not known if or how this might
affect the pharmacology of this protein. We found that 20 µM glibenclamide was sufficient
to block the NO-dependent release of Cl- from acidic organelles. The IC50 values for
glibenclamide inhibition of human CFTR are generally in the range of 20–40 µM, depending
on the expression system (Sheppard and Welsh, 1992; Sheppard and Robinson, 1997), and
in guinea pig cardiac myocytes, the value ranges from 25 to 38 µM, depending on the method
of current activation (Tominaga et al., 1995). We also found that glibenclamide and CFTRinh172 are reversible, but studies on human CFTR have found that both of these inhibitors can
be difficult to reverse. However, context seems to matter, because glibenclamide is easily
reversible when applied to excised inside-out membrane patches of human CFTR expressed
in mammary epithelial cells(Sheppard and Robinson, 1997) but not for whole cell recordings
from NIH 3T3 cells expressing human CFTR (Sheppard and Welsh, 1992). Our recordings
were made in the whole cell configurations, but we detected changes due to the functioning
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of chicken CFTR on intracellular membranes. It is possible that species differences and/or
the intracellular (vs. plasma membrane) environments play a role in the reversibility that we
observe.
Our present work demonstrates that functional CFTR is necessary for NO to increase
cytosolic Cl-, but is it sufficient? Our previous research demonstrated that the NO-dependent
release of Cl- from acidic organelles depends on transient cytosolic acidification (McMains
et al., 2011) and the maintenance of compartmental acidic environments (Krishnan and
Gleason, 2015). Clearly, there are other physiological factors involved, and further
complexity may originate from CFTR itself.
CFTR can be regulated by multiple enzymes (Dahan et al., 2001), including protein
kinase C (Jia et al., 1997), some tyrosine kinases (Billet et al., 2016), and AMP-dependent
protein kinase (Hallows et al., 2000), as well as phosphatases (Luo et al., 1998). At the most
fundamental level, however, CFTR activity is dependent on ATP binding and hydrolysis and
is substantially enhanced by phosphorylation via PKA. Under our recording conditions, ATP
should be readily available; however, these experiments were done without overt activation
of adenylate cyclase or addition of cAMP. One possibility is that NO triggers channel opening
in the absence of PKA-dependent phosphorylation. Alternatively, resting PKA activity levels
may be relatively high in amacrine cells. Interestingly, two reports on the role of CFTR in
neuronal cytosolic Cl- homeostasis demonstrate effects of CFTR inhibitors on cytosolic Cl- in
the absence of stimulated PKA activity (Morales et al., 2011; Ostroumov et al., 2011),
implying significant baseline CFTR (and possibly PKA) activity in those neurons. A third
possibility is that the Ca2+ elevations generated by NO in amacrine cells (Maddox and
Gleason, 2017a) activate the Ca2+ sensitive adenylate cyclase (ADCY1). CFTR activation via
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adenylate cyclase 1 has been previously demonstrated (Billet and Hanrahan, 2013).
Importantly, we have evidence that ADCY1 is functionally expressed in amacrine cells and
that there are significant levels of basal activity of both adenylate cyclase 1 and PKA in these
cells (Tekmen and Gleason, 2010). Further experiments examining the effects of PKA
activators and inhibitors on cytosolic Cl- and its regulation by NO would shed light on the
possibility that cytosolic Cl- and cAMP levels are linked.
CFTR has physical and physiological interactions with multiple classes of proteins.
Among these are PDZ domain scaffolding proteins, which can facilitate interactions with
other proteins and potentially establish signaling complexes (reviewed in Li and Naren,
2010). Functional interactions have also been demonstrated for CFTR and soluble Nethylmaleimide-sensitive factor attachment receptor (SNARE) proteins (reviewed in Tang et
al., 2011). CFTR is also known to functionally interact with the renal outer medullary K+
channel (ROMK), an inward rectifying K+ channel (Yoo et al., 2004), the epithelial Na+
channel ENaC (Stutts et al., 1997), Cl- bicarbonate exchangers (Shumaker et al., 1999), and
Na+ bicarbonate exchangers (Ko et al., 2002). Additionally, reciprocal inhibitory interactions
have been demonstrated for anoctamin-1, a Ca2+ activated Cl- channel, and CFTR in
epithelial cells (Ousingsawat et al., 2011), suggesting that the balance of Ca2+ and cAMP
signaling can determine the level of Cl- flux (Kunzelmann and Mehta, 2013). Thus there is
precedence for CFTR working as a part of a regulatory complex, which is consistent with the
possibility that CFTR is necessary but perhaps functions in combination with other proteins
in amacrine cells.
Epithelial cells employ an orchestra of transport mechanisms that by their apical or
basal expression patterns regulate the distribution of ions across tissues. Neurons have a
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similarly complex set of transport mechanisms, but most of these regulate ion concentrations
across cellular membranes and have the potential to generate nonuniform distributions of
transported ions in the cytosol. Cytosolic Ca2+, for example, is so tightly regulated and
buffered that its potential for diffusion is highly limited. The cellular scenario for Cl- transport,
regulation, and distribution is much more incomplete. Although several families of Clchannels and transporters are identified (Stauber and Jentsch, 2013), relatively little is known
about their cellular distributions and functional interactions, especially in the context of
neurons. Learning more about this will be of particular importance in understanding the
function of amacrine cells because some are capable of highly localized synaptic signaling
(Grimes et al., 2010; 2015).
In this study, we demonstrated a neuronal role for CFTR in regulating cytosolic Cl- in
response to NO, thus regulating the strength or even the sign of postsynaptic GABAergic and
glycinergic responses. The involvement of CFTR in this fundamental aspect of neuronal
physiology contributes to filling the gap in our understanding of neuronal Cl- regulation.
Continued investigations into the function of CFTR in the neuronal environment will likely
reveal other roles for this multifunctional protein.
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CHAPTER 3. TMEM16A.6
3.1. Introduction
ACs are interneurons of the inner retina and subserve diverse functions such as
generating cholinergic waves during retinal development (Feller et al., 1996a), regulating
activity-dependent maturation of ganglion cell projections (Xu et al., 2016b), shaping
receptive fields of ganglion cells (Jacoby et al., 1996a; de Vries et al., 2011a; Kim et al., 2015;
Jia et al., 2020a), and light and dark adaptation of retinal circuitry (Hampson et al., 1992b;
Zhang et al., 2008b; Ortuno-Lizaran et al., 2020). AC extreme morphological and functional
diversity increases circuit capabilities in the IPL.
Nitric oxide (NO) is a signaling molecule produced by multiple cell types in the
chicken retina including four nitric oxide synthase expressing (NOS) AC subtypes (Fischer
and Stell, 1999). Two different isoforms of nitric oxide synthase (nNOS and eNOS) were
shown to be expressed in avian ACs as well (Tekmen-Clark and Gleason, 2013a). Three AC
types with nNOS immunoreactivity were found in turtle (Eldred and Blute, 2005) and single
cell RNA sequencing showed three AC types with nNOS expression in mouse (Yan et al.,
2020a). NO regulates multiple aspects of retinal physiology including phototransduction
(Goldstein et al., 1996), retinal blood flow (Izumi et al., 2008), temporal response tuning

6. This chapter is adapted from Rodriguez T., Zhong L., Simpson H., Gleason E. (2022) “Reduced
expression of TMEM16A impairs nitric oxide dependent Cl- transport in retinal amacrine cells”. Front. Cell.
Neurosci. doi:10.3389/fncel.2022.937060. Copyright: © 2022 Rodriguez, Gleason, Zhong and Simpson. This is an
open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these terms.
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(Vielma et al., 2014), gap junction coupling (Hampson et al., 1992b; Mills and Massey, 1995;
Jacoby et al., 2018b), and light adaptation (Shi et al., 2020).
In previous work, we showed that postsynaptic cytosolic Cl- concentration can be
elevated by NO thus making GABA-mediated synaptic responses less inhibitory, or even
depolarizing (Hoffpauir et al., 2006). We have also shown that this response requires the
cystic fibrosis transmembrane conductance regulator (CFTR) (Krishnan et al., 2017). In
separate studies, we showed that NO (Zhong and Gleason, 2021b) and NO donors (Maddox
and Gleason, 2017b) produce Ca2+ elevations that are required for the effects of NO on
cytosolic Cl-, raising the possibility that internal Ca2+ activated Cl- channels also contribute to
the NO-dependent release of Cl-.
The TMEM16 family of transmembrane proteins are exclusive to eukaryotes with
vertebrates expressing 10 paralogues; TMEM16A, -B, -C, -D, -E, -F, -G, -H, -J, -K (Milenkovic
et al., 2010a). Most are activated by Ca2+ and function as ion channels, lipid scramblases, or
sometimes both (Charlesworth et al., 2012; Yang et al., 2012a; Huang et al., 2013b; Suzuki et
al., 2013a; Kim et al., 2018b; Bushell et al., 2019; Feng et al., 2019a; Reichhart et al., 2019a;
Kalienkova et al., 2021a; Stabilini et al., 2021b). TMEM16 proteins are expressed in many
tissues and are involved in a range of physiological processes including nociception (Cho et
al., 2012; Takayama et al., 2015b), mucous secretion (Benedetto et al., 2019), olfactory
transduction (Pifferi et al., 2012; Neureither et al., 2017a; Zak et al., 2018b), bone remodeling
(Kim et al., 2019), muscle repair (Whitlock et al., 2018a), and macrophage immune defense
(Ousingsawat et al., 2015b; Wanitchakool et al., 2017a). TMEM16A was first identified as the
native Ca2+ activated Cl- channel in Xenopus oocytes (Yang et al., 2008). Later, it was found
in both the outer and inner plexiform layers of the mammalian retina and in GABAergic
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amacrine cell process (Jeon et al., 2013). TMEM16A function was demonstrated in
photoreceptor synaptic terminals (Caputo et al., 2015a) and bipolar cell synapses (Paik et al.,
2020b) but not in amacrine cells.
TMEM16A is reported to function as a heat sensor in rat nociceptive dorsal root
ganglion neurons that is synergistically activated by heat, Ca2+, and depolarizing potentials
(Cho et al., 2012). Intracellular sources of Ca2+, in particular the endoplasmic reticulum, were
found to be preferred over voltage gated Ca2+ channel mediated Ca2+ influx in rat DRG
neurons. The preference for intracellular Ca2+ stores likely coincides with close membrane
juxtaposition of TMEM16A and molecular components of Ca2+ signaling in localized
microdomains (Jin et al., 2013a). It was shown that TMEM16A, TRPV1, and IP3Rs were
organized in nanodomains that couple ER Ca2+ release to TMEM16A activation (Shah et al.,
2020).
Functional interactions between TMEM16A and CFTR are demonstrated in several
epithelia. Studies performed in mouse airway epithelia showed a pronounced
interdependence between TMEM16A and CFTR in terms of membrane expression and Clconductance (Ruffin et al., 2013; Benedetto et al., 2017). To date, this functional
interdependence has not been explored in neurons. CFTR is a protein kinase A-regulated Cland HCO3- channel localized to the apical membrane of epithelial cells that functions to
passively secrete Cl- thereby regulating sodium transport, transepithelial water flow, and
luminal pH (Hull, 2012a; Saint-Criq and Gray, 2017a). Although CFTR is widely expressed
at the plasma membrane of epithelial cells, it is also found in non-epithelial tissues
(Yoshimura et al., 1991; Xue et al., 2016; Reznikov, 2017) with subcellular localization
differing among cell types (Bradbury, 1999). When expressed intracellularly, it regulates
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processes such as plasma membrane recycling (Bradbury et al., 1992), endosomal pH
homeostasis (Lukacs et al., 1992), and Cl- dependent endosome fusion (Biwersi et al., 1996).
Mutations in the CFTR gene are responsible for cystic fibrosis leading to sticky and viscous
mucous. TMEM16A may also contribute to mucous secretion, however this is disputed
(Simoes et al., 2019; Danahay et al., 2020a; Cabrita et al., 2021). Because functional
interactions between CFTR and TMEM16A are established in epithelia, we hypothesize that
in ACs, TMEM16A provides a link between NO-induced Ca2+ elevations and Cl- release in
tandem with CFTR.
Here, we test for involvement of TMEM16A in the NO-dependent cytosolic Clrelease. The transcript for TMEM16A was identified in mixed retinal cultures as well as in
single

ACs.

Protein

expression

was

confirmed

using

western

blots

and

immunocytochemistry. With electrophysiological experiments designed to monitor cytosolic
Cl-, we look at the effects of pharmacological inhibition of TMEM16A as well as genetic
disruption of TMEM16A with CRISPR/Cas9. We find that inhibition or reduced expression
of TMEM16A suppresses the cytosolic Cl- elevation produced by NO. This is the first report
of TMEM16A participating in Cl- regulation in ACs.
3.2. Materials and Methods
Cell culture
To obtain cultures of retinal cells for use in electrophysiology, immunocytochemistry,
and RT-PCR experiments, eyes from E9 White Leghorn chick embryos were dissected in
Hanks Balanced Salt Solution (HBSS), Ca2+, Mg2+ free, (Corning, 21-021-CV). Retinae were
removed, washed with HBSS, and digested with 0.125% trypsin (ThermoFisher, 25200-056).
The tissue was treated with DNase (Sigma, DN25-1G), gently triturated to generate single
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cell suspension, then washed with Dulbecco’s Modified Eagle Medium (DMEM) (Corning,
15-017-CV) containing 5% Fetal Bovine Serum (FBS) and. The cells were resuspended in
DMEM containing FBS and cell density was determined on a hemocytometer. Retinal cells
were plated onto 35mm dishes coated with poly-L-ornithine (Alamanda Polymers, PLO100
average MW 20,000Da) at a density of 260cells/mm2. Half of the media was replaced every
2-3d with Neurobasal (ThermoFisher, 21103-049) containing 1% B27 (ThermoFisher, 17504044) and 2mM GlutaMAX (ThermoFisher, 35050-061).
Mixed population RT-PCR
Total RNA was extracted using the acid-phenol/guanidinium isothiocyanate method
(Chomczynski and Sacchi, 2006). The RNA was resuspended in 1mM citrate buffer pH 6.5
and digested by DNase I. The digested RNA was again acid-phenol/guanidium
isothiocyanate extracted and resuspended in 1mM citrate buffer pH 6.5. Reverse
transcription of RNA was carried out. Primers were annealed at 75℃ for 5min before the
addition of WarmStart RTX (except for no RT control) and cDNA synthesized by incubating
at 25°C for 5min, 55°C 10min, 80°C for 10min, then holding at 4°C. PCR amplification of
cDNA was performed with Q5 Hot Start High Fidelity DNA polymerase. Cycling parameters
are as follows: 98°C for 30s for initial denaturation, then 11 cycles of 98°C for 5s, 65°C for
20s (-1°C/cycle), 72°C for 45s; followed by 26 cycles of 98°C for 5s, 55°C for 20s, 72°C for
45s, with a final extension at 72°C for 5min.
Single Cell RT-PCR
Retinal cultures were washed three times with tris buffered saline (Fisher Bioreagents,
BP24711). Individual ACs (1cell/rxn) were aspirated with a siliconized borosilicate glass
pipette pulled to a tip diameter of ~5µm filled with tris buffered saline. Collection was
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performed on an Olympus IX-70 inverted microscope with micromanipulator (Sutter
instrument, MPC-385). The glass pipet tip, containing the AC, was broken into a 1.5mL tube
on ice containing 4µL of dsDNase mix with 0.2µL dsDNase per reaction (ThermoFisher,
EN0771). DNA was digested at 37℃ for 2min. Reverse transcription components (NEB,
B0537S, M0314S, N0446S) were added to a final volume of 15µL and RNA was denatured at
75℃ for 5min. Tth RecA (MCLAB, RPTT-100) was included during RNA denaturation to
improve primer hybridization and subsequent cDNA synthesis (Kirkpatrick and Radding,
1992). WarmStart RTX (NEB, M0380S) was added to each sample, except no-reverse
transcription controls, and cDNA synthesis was performed as follows: 25°C for 5min, 55°C
for 10min, 80°C for 10min. The cDNA (2µL/rxn) was then amplified with Q5 Hot Start High
Fidelity DNA polymerase (NEB, M0493S). Touchdown cycling parameters were as follows:
98°C for 30s for initial denaturation, then 11 cycles of 98°C for 5s, 65°C for 20s (-1°C/cycle),
72°C for 45s; followed by 41 cycles of 98°C for 5s, 55°C for 20s, 72°C for 45s, with a final
extension at 72°C for 5min. Reactions were analyzed on a 2% lithium borate agarose gel post
stained with ethidium bromide and sequence identity verified by Sanger sequencing.
Single Cell Genomic PCR
Genomic PCR was performed using the same methods for single cell cell RT-PCR
with the following modifications. Ice cold HBSS (minus Ca2+ and Mg2+) was used to back fill
the siliconized pipette and collect the cells. The pipette, containing a single AC, was broken
into a PCR strip tube on ice containing 5µL of freshly prepared lysis buffer comprised: 1mM
tris pH 9.0 (Millipore, 9295-OP), 0.1 mg/mL proteinase K (ThermoFisher, 17916), and 0.01
mM EDTA (Sigma, 03677). The strip was incubated in a thermocycler preheated to 65°C for
2hr and 80°C for 20 minutes before proceeding to PCR amplification.
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Immunocytochemistry
To determine the cellular localization pattern of TMEM16A protein, we performed
immunocytochemistry on cultured retinal cells. Mixed retinal cultures plated on coverslips
were fixed after 9 days in culture with 4% paraformaldehyde (ThermoFisher, AA433689L) in
Dulbecco’s PBS minus Ca2+ and Mg2+ (Corning, 20-031-CV) for 15min at room temperature.
Cells were washed three times with DPBS then permeabilized 15min with DPBS containing
0.1% Tween 80 (VWR, 97063-806) and 30mM glycine. The cells were blocked with 5% NGS
before incubating for 24hr in primary anti-TMEM16A rabbit monoclonal antibody (Abcam,
ab190803). Cells were incubated for 1hr with secondary antibody and mounted onto slides
using Prolong Glass Antifade Mountant (ThermoFisher, P36984). The cells were washed
once, briefly, with permeabilization buffer followed by three times for 5min each with DPBS
after both antibody incubation steps.
Western Blot analysis
To assess the target specificity of the rabbit anti-TMEM16A monoclonal antibody we
performed western blots to compare the molecular weight of the detected protein with its
predicted size. In addition, we fractionated cytosolic from membrane proteins and compared
TMEM16A with that of CFTR to assess the possibility that they interact. In addition, this
serves to verify the anti-TMEM16A antibody recognizes a transmembrane protein as
expected. Retinal tissue was dissected from chicks on embryonic day 18 and mechanically
lysed. Samples were spun at 700xg for 5min in a fixed-angle centrifuge. Supernatants were
spun at 100,000xg for 1hr at 4℃ in a swinging bucket rotor to pellet the microsomal fraction.
The pellet was resuspended in HEPES buffer with 0.5% CHAPS (VWR, 97061-720). Both
fractions were then methanol precipitated to concentrate and delipidate proteins before
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resuspending in 2x Laemmli buffer containing 6M urea. Samples were diluted to 1x and
protein concentration was determined using the Pierce 660 assay (ThermoFisher, 22662)
with the Pierce Ionic Detergent Compatibility Reagent (ThermoFisher, 22663) and 20-30µg
of protein loaded onto a 7.5% SDS-PAGE stain-free gel (BioRad, 4568023). Separated
proteins were transferred to an Immobilon-FL PVDF (Millipore, IPFL00010) membrane
using a BioRad transblot semi-dry apparatus at 24V for 1hr with buffer consisting of 48mM
Tris pH 9.2, 39mM glycine, and 10% methanol. The blot was washed briefly with DPBS
before blocking for 1hr with 1% casein in DPBS. After a brief wash, the blot was incubated
overnight in primary antibody (Table 1) (1:1000 Rb anti-ANO1 or 1:1000 Rb anti-CFTR, 1%
BSA, 0.01% thimerosal). It was washed with DPBS with 0.05% Tween 80, incubated for 1hr
with goat anti-rabbit HRP secondary (1:100,000), and developed with Pierce SuperSignal
West Pico Plus (ThermoFisher, 34580). Images were acquired on a BioRad ChemiDoc XRS+.
Triton X-114 Cloud point extraction
Cloud point extraction was used to partition hydrophobic proteins from soluble
proteins. E18 retina tissue was removed and washed with cold DPBS containing 1mM EDTA
and 0.5mM EGTA. After aspirating the DPBS, the tissue was weighed then resuspended in a
lysis buffer containing 2% proteomics grade Triton X-114 (VWR, 97063-868) and protease
inhibitors (ThermoFisher, A32955). The tissue was shaken for 1hr at 4°C to break up tissue,
triturated with progressively finer needles (21G, 23G, and 27G) to generate a single cell
suspension, then sonicated to disrupt membranes. After removal of nuclei and cell debris by
centrifugation, the lysate was then cloud point extracted (see Bordier, 1981; Taguchi and
Schätzl, 2014).
Preparation of custom sgRNA and in Vitro validation
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To identify candidate guide RNAs capable of targeting TMEM16A, we used the
CRISPR 10K track in the UCSC Genome Browser and the Integrated DNA Technologies
gRNA checker tool. The selected candidate gRNAs were then tested in vitro prior to
transfection of retinal neurons to ensure their on-target functionality. Transcription template
oligos specific to TMEM16A were ordered from IDT and transcription was performed
according to the EnGen sgRNA Synthesis Kit (NEB, E3322V). Target DNA was PCR amplified
from E18 chick retina genomic DNA. We then assessed each guide RNA for on-target
efficiency in parallel in vitro reactions. RNPs were formed separately with AltR S.p. HiFi Cas9
V3 (Integrated DNA Technologies, 1081060) for each transcribed sgRNA. Reactions were
assembled using 500fmol of pre-assembled RNP and 25fmol target DNA in a total reaction
volume of 10µL.
Ribonucleoprotein and nucleofection
To genetically disrupt TMEM16A expression, TracrRNA, tagged with Atto 550, and

in vitro validated crRNAs (Integrated DNA Technologies) were annealed in a pre-heated
thermocycler at 95℃ for 5min followed by cooling to 25℃ at a rate of -0.2℃/s. RNP
complexes (120pmol gRNA, 104pmol Cas9, 5µL total) were formed in Cas9 dilution buffer.
RNPs, electroporation enhancer (Integrated DNA Technologies, 1075915), and Nucleofector
solution (Lonza, VPG-1002) were combined with 4-6x106 primary retinal neurons and
electroporated using the Nucleofector IIb device (Lonza, AAB-1001). Control reactions were
performed in parallel by transfecting 10µL of Cas9/tracRNA only. For plasmid transfections,
1µg of P222 or control vector was electroporated as described above.
Electrophysiology
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Retinal

cultures

maintained

for

6-11

days

(E15-E20)

were

used

for

electrophysiological recordings to assess functional consequences of TMEM16A
pharmacological inhibition or genetic disruption. Dishes were mounted on the stage of an
Olympus IX70 inverted microscope, and a 3M KCl agarose bridge connected the reference
Ag/AgCl pellet electrode to the dish. Patch electrodes were pulled from thick-walled
borosilicate glass (Sutter Instruments, BF150-86-10) by a P-97 micropipette puller (Sutter
Instruments, P-97) with a 2.5mm square box filament (Sutter Instruments, FB255B).
Electrode tips were pulled to produce a short taper with a resistance between 5-8 MΩ. For
the T16Ainh-A01 (50μM) experiment, the inhibitor was added to the internal solution before
recordings. During the experiment, a continuous supply of external solution was delivered
through a pressurized 8-channel perfusion system (Automate Scientific, 01-18). Whole-cell
patch recordings were performed using an Axopatch 1D amplifier with pClamp 10.0 for
inhibitor experiments. Recordings from transfected cells were performed with an Axopatch
200B amplifier and pClamp 11.2 software (Molecular Devices, Axopatch 200B-2) The voltage
was held at -70mV for 150ms and stepped to -90mV for 50ms, then changed from -90mV to
50mV over 200ms and returned to -70mV. The first ramp recording was used to measure
leak currents and the second ramp was measured in the presence of GABA (30μM). Series
resistance was recorded for each cell and junction potential was estimated in pClamp 10.0
calculator to be -13mV. The reversal potential of GABA-gated current (ErevGABA) was
calculated by correcting for series resistance and junction potential then subtracting the
current from the first ramp from the current from the second ramp. The external solution
comprised: 116.7mM NaCl, 5.3mM KCl, 20mM Tetraethylammonium (TEA)-Cl, 3mM CaCl2,
0.41mM MgCl2, 10mM HEPES, 5.6mM glucose, 300nM TTX, and 50μM LaCl3. The internal
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solution comprised: 100mM Cs-acetate, 10mM CsCl, 0.1mM CaCl2, 2mM MgCl2, 10mM
HEPES, and 1.1 mM EGTA, supplemented with an ATP regeneration system comprised:
1mM ATP disodium, 3mM ATP dipotassium, 2mM GTP disodium, 20mM creatine
phosphate, and 50U/ml creatine phosphokinase. All recordings were conducted at room
temperature.
Imaging analysis and Statistics
For knockdown analysis, images were collected with an Olympus IX-70 with 100x
1.35NA oil immersion objective using Slidebook software. Cells expressing the fluorescent
reporter

were

considered

transfected

and

were

subsequently

quantified

for

immunofluorescence of TMEM16A. Transfection with the all-in-one plasmid results in coexpression of tdTomato reporter with sgRNA/Cas9. Transfection of the pre-formed
ribonucleoprotein with separate GFP plasmid means reporter expression does not guarantee
successful RNP delivery. Cells were selected for tdTomato or GFP expression without prior
knowledge of TMEM16A labeling to reduce bias. Analysis was done in Image J using auto
local thresholding (Bernsen) to segment the image and create a binary mask for
quantification of imaging data. Cells not expressing the fluorescent marker and all cell bodies
were manually removed from the binary image so that only processes of transfected cells
were analyzed. The D’Agostino-Pearson normality test was performed on samples and any
non-normal data was log transformed prior to parametric statistical testing. Differences
between groups were assessed using two tailed Welch’s t-tests. All statistics were performed
with GraphPad Prism software and figures assembled in Adobe Illustrator.

61

Table 3.1. Antibodies.
Specificity

Supplier Cat# (RRID #)

Rabbit anti-TMEM16A monoclonal
Rabbit anti-CFTR Polyclonal
Goat anti-Rabbit Alexa 488
Goat anti-Rabbit Alexa 555
Goat anti-Rabbit HRP

Abcam ab190803 (AB_2892592)
Abcam ab131553 (AB_2893490)
ThermoFisher A-11034 (AB_2576217)
ThermoFisher A-21429 (AB_2535850)
ThermoFisher A-16110 (AB_2534782)
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Table 3.2. Oligonucleotide sequences.
Oligo

Nucleotide sequence (5’-3’)

Product size (bp)

TMEM16A F

TCCCAGACATTCCCAAGGAC

286

TMEM16A R

CCTGCCCTTTACATGATGGC

TMEM16B F

TTGGCCGACCTGGTCATTAT

TMEM16B R

GTGTGACAAAGCCGAACTGG

TMEM16C F

TTGCCTGGTTGGGATGGTAT

TMEM16C R

ACAGCTCTCCGTCTTTTCCA

TMEM16D F

ATCAGGTGCTCATGACCCAA

TMEM16D R

TTTTGCACAGTGATCCTGCC

TMEM16E F

CACCAAGCCCTTACCCTGTA

TMEM16E R

GAGCAAACTCTACTGCAGGC

TMEM16F F

CATTTTCCCCCTGGTTTGGG

TMEM16F R

GTGACAGCTGCAAGAAACCA

TMEM16H F

CAAAGCCTGGATGAAGACGG

TMEM16H R

GACTTCATCAGCCGCTTGAG

TMEM16J F

GGTTCACCATCAAGAAAATTGAGGA

TMEM16J R

GCGAATCCCAGCAAGTAGGT

TMEM16K F

CCCTACGTATGCCAGTTTGC

TMEM16K R

GTTCAAGGCCCAAGGAAGTG

TMEM16A gDNA 434 F

GCCCATTTGACTGTGCACTAA

TMEM16A gDNA 434 R

CACCAGCCATCGTCCTTATCAT

TMEM16A gDNA 606 F

CCAGCTATCAGGAAAATTGC

TMEM16A gDNA 606 R

TGTGATCTCCCCAAATCTAC

TMEM16A gRNA 192

GAGGAAAGTGGATTACATCC

TMEM16A gRNA 222

ACTACAAGAAGTCTTCAGCA

TMEM16A gRNA 424

CCTGGAACTGGAACATGATG

HiFiCas9_SDM_r691a_F

CTTCGCCAACGCGAACTTCATGCAGC

HiFiCas9_SDM_r691a_R

CCGTCGGACTTCAGGAAA

HiFiCas9 sequence source: (Vakulskas et al., 2018).
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327
301
384
354
468
510
415
530

3.3. Results
NO induces a cytosolic Cl- elevation in ACs through release of Cl- from an internal
acidic store. In addition, Ca2+ elevations were demonstrated (Maddox and Gleason, 2017a;
Zhong and Gleason, 2021a) to activate adenylate cyclase 1, cAMP production, and
stimulation of PKA which activates CFTR (Zhong and Gleason, 2021). Nonetheless, the full
role of these Ca2+ elevations are not known. To investigate the possibility that a Ca2+activated Cl- channel is involved, we tested for expression of TMEM16 paralogs by RT-PCR
in chick retinal cultures. Embryonic day 15-16 mixed chick retinal cultures express
transcripts TMEM16A, B, C, D, E, F, H, J, and K (Fig. 1A). All products were sequence
verified. To determine if TMEM16A is expressed in ACs specifically, single ACs were
aspirated from the culture dish and tested via RT-PCR for TMEM16A transcript (Fig. 1B).
Because not all transcripts are translated into protein, western blots were performed on
extracts from E18 chicken retina to test for TMEM16A protein. Immunoblotting yielded a
single band for TMEM16A at the expected molecular weight of ~117KDa (Fig. 1C).
To assess the possibility of TMEM16A and CFTR interactions, cytosolic proteins were
separated from membrane proteins and immunoblots of each fraction were performed for
TMEM16A and CFTR. The membrane fraction generated by ultracentrifugation contained a
heterogenous mixture of membranous cellular components including the plasma membrane,
mitochondria, endoplasmic reticulum, Golgi proteins, and subcellular organelles. This assay
showed both TMEM16A and CFTR in the membrane fraction while excluding both from the
cytosolic fraction, as expected (Fig 1C). However, Triton X-114 cloud point extraction
unexpectedly enriched both proteins in the aqueous phase and excluded them from the
detergent phase (Fig. 1C). Hydrophobic transmembrane proteins are expected to partition
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to the detergent phase owing to their favorable interaction with non-ionic detergents. Such
anomalous partitioning by Triton X-114 was reported for channel-forming membrane
proteins possessing multiple transmembrane domains (Maher and Singer, 1985).
Importantly, both proteins were found in the same fraction/phase by either method.
Furthermore, immunocytochemical labeling in cultured retinal neurons using this same
TMEM16A antibody detected immunoreactivity for TMEM16A protein in retinal ACs.
Labeling appeared as distinct puncta in the soma and in the processes of all ACs in culture
(Fig. 1D). It was commonly observed that some cells have processes with higher density
labeling compared to other processes of the same cell.

Figure 3.1. TMEM16A expression. TMEM16A transcript and protein are expressed in
retinal amacrine cells. A. RT-PCR of RNA extracted from E16 retinal tissue for TMEM16
paralogues. B, Single cell PCR amplifying TMEM16A from an individual AC. Each cell was
DNase-treated prior to reverse transcription. RT (-) and template (-) controls showed no
amplification. C, Western blot of subcellular fractionated protein samples (i) and Triton x-114
cloud point extraction samples (ii) show the presence of TMEM16A as indicated by the
binding of TMEM16A antibody (Abcam ab190803) and CFTR (Abcam ab131553) in the same
fraction with both types of membrane preparation. D, Immunocytochemistry for TMEM16A
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(Rabbit monoclonal antibody) reveal a punctate labeling along the soma. Image is displayed
with a magenta-hot look up table that shows puncta with high fluorescence intensity as white.
To investigate whether TMEM16A contributes to the NO-dependent elevation of
cytosolic Cl-, we monitored the reversal potential of the Cl- current through open GABAA
receptors (ErevGABA) before and after NO. Pairs of voltage ramps were delivered to ACs
recorded in the voltage clamp configuration. The first ramp was delivered without GABA and
the second ramp delivered in the presence of 30 µM GABA to establish ErevGABA without NO.
A subsequent recording was performed on the same cell using identical parameters except
a bolus of NO was delivered. The difference in ErevGABA measured from the recordings before
and after NO constitutes the shift in ErevGABA due to the NO-dependent Cl- release. To test for
the involvement of TMEM16A in the NO-dependent Cl- release, we examined the effect of
including the TMEM16A/TMEM16B inhibitor T16inh-A01 in the recording pipette. Under
control conditions in the absence of inhibitor, the NO induced shift in ErevGABA (28.7 ± 2.8 mV,
n=12) was significantly higher than the shift from ACs recorded with T16inh-A01 in the pipette
(14.5 ± 3.1 mV, n=11, Welch’s t test p<0.005, Fig 2). These results suggest that TMEM16A/B
is involved in the NO-dependent Cl- release of retinal ACs.
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Figure 3.2. Pharmacological inhibition of TMEM16A reduces the transient shift in
ErevGABA. A, current-voltage relationship for leak subtracted GABA-gated currents recorded
before and after NO injection in control and TMEM16A inhibitor (T16inh-AO1) conditions.
B, Truncated violin plots for the mean shift in the reversal potential of GABA-gated currents
(ErevGABA). The shape of the violin shows frequency distribution of the data, top and bottom of
the violin are data extrema, red lines are quartiles, and the dashed line is the median of the
data. The mean shift in ErevGABA was reduced and frequency distribution becomes bimodal
when TMEM16A inhibitor (n=11) was in the external solution compared to control
conditions (n=12). Recordings were from E16 cultures (Welch’s t test p<0.005).
Pharmacological inhibitors for Cl- channels are notoriously promiscuous (Sepela and
Sack, 2018). Therefore, we sought to evaluate the involvement of TMEM16A more
specifically by employing CRISPR/Cas9. CRISPR/Cas9 produces double-stranded breaks in
the targeted genetic locus that are erroneously repaired by non-homologous end-joining to
yield insertions and deletions (indels). ACs do not divide in culture to produce clones
meaning these indels are heterogeneous among different ACs in culture.
The editing tool was delivered on the day neurons are plated (embryonic day 9).
TMEM16A protein may be present at the time of transfection, therefore loss of TMEM16A
function will only be evident once pre-existing TMEM16A protein is turned over. We
designed three guide RNAs against exon 3 of the TMEM16A gene (ANO1) and tested them
by in vitro Cas9 digestion to confirm effectiveness. The target region of the TMEM16A gene
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(exon 3 of ANO1) was amplified by PCR and incubated with each respective Cas9/sgRNA
ribonucleoprotein. Gel electrophoresis of the digests confirmed the on-target efficacy of each
sgRNA on the purified TMEM16A target (Fig 3A). Guide RNA 222 was chosen for further
testing in mixed retinal cell cultures for its greater out-of-frame indel formation score (Bae et
al., 2014) compared to the other two guide RNAs. Cells were transfected with a plasmid
expressing HiFi Cas9, tdTomato, and sgRNA 222 (p222) and control cells that were
transfected with the same vector minus sgRNA 222 (Fig 3B). To assess editing events,
individual ACs expressing tdTomato were collected and subjected to genomic amplification
(Fig 3C). The target region of the TMEM16A gene (ANO1) was amplified using a set of
primers to give a 434 bp product. The identity of the PCR product and the presence of indels
were evaluated by Sanger sequencing. We detected a range of insertions and deletions with
the most common being a 1 bp insertion (Fig 3D). Single ACs were tested for indels by
genomic PCR at 4 days post transfection and 9-11 days post transfection which resulted in
20% (1/5) and 67% (10/15) cells with indel mutations per cell amplified respectively (Fig.
3E). Figure 3F shows a representative sequencing chromatogram for a wildtype cell and a
cell heterozygous for a +1-insertion mutation. The adjacent TIDE analysis shows high
aberrant sequence after the edit, owing to mixture of a +1 insertion and wildtype sequence.
Altogether, these results confirm the efficacy of vector p222 to generate indel mutations in
ACs.
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Figure 3.3. CRISPR/Cas9 plasmid edits TMEM16A of retinal amacrine cells. A, (top)
Graphical representation of target genetic loci showing the cut site for each sgRNA. Primers
are denoted by the arrows and sgRNA target regions are indicated by the dashed lines.
(Bottom) Agarose gel electrophoresis of In vitro Cas9 cleaved DNA (asterisks) for each
sgRNA of a 606 bp PCR product containing exon 3 of TMEM16A. The pair of faint bands
below the digestion fragments correspond to sgRNA secondary structures (arrowheads). B,
Simplified plasmid map of pSpHiFiCas9-T2A-tdTomato which was electroporated into
dissociated chick retinal cells. C, AC in culture expressing tdTomato is aspirated into a glass
pipette for single cell genomic PCR. D, List of observed mutations detected in p222
transfected cells. E, Representative sequence traces from genomic PCR of a wildtype cell
(wt/wt) and an edited cell with ~30% WT and 70% +1 insertion alleles (wt/c221_222insA)
according to TIDE. F, The corresponding TIDE output from (E) shows substantial aberrant
sequence starting at the expected cut site due to a mixture of WT and +1 amplicons in the
edited cells PCR.
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To detect loss of TMEM16A protein, immunocytochemistry was performed using the
anti-TMEM16A antibody on transfected cells. There was no significant difference in mean
integrated

density

(sum

of

raw

pixel

intensities

in

the

fluorescent

object)

(control=11.24±1.19, p222=9.75±1.06, Fig. 4E p=0.18), mean fluorescent intensity (control
=222.40±77.31, p222= 202.73±76.09, Fig. 4F p=0.26), or the mean size of fluorescent objects
immunoreactive

for

anti-TMEM16A

antibody

(control=4.61x10-2±1.56x10-3

µm2,

p222=4.59x10-2±1.17x10-3 µm2, Fig. 4G p=0.46). We compared the expression of tdTomato
and TMEM16A to determine if higher expression of the construct was associated with
reduced TMEM16A. The log transformed integrated density (Fig. 4H) for tdTomato is not
different between groups (p=0.96). Pearson’s correlation coefficients were determined for
tdTomato and TMEM16A to control for reporter expression effects on TMEM16A
immunolabeling which show minimal correlation (control r=0.36 with p=0.21, p222 r=0.28
with p=0.38) (Fig. 4I, J) (control n=14, p222 n=12). From the data, we concluded that the
knockdown was ineffective given the lack of difference in TMEM16A expression between
groups.
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Figure 3.4. Plasmid vector does not reduce TMEM16A protein expression.
Transfection with P222 has no effect on TMEM16A protein expression. Representative
images of TMEM16A antibody immunofluorescence and tdTomato fluorescence from e18
cells transfected with control plasmid (A,B) or p222 plasmid (C,D) targeting TMEM16A. E,
the mean integrated density for all objects identified within the TMEM16A mask
(control=11.24±1.19, p222=9.75±1.06). F, the mean fluorescent intensity of the objects
(control=222.40±77.31, p222= 202.73±76.09). G, the mean objects size (control=4.61x102
±1.56x10-3 µm2, p222=4.59x10-2±1.17x10-3 µm2). H, the log transformed integrated density
for tdTomato is not different between groups (p=0.96) and does not correlate with
TMEM16A immunolabeling for control (I, r=0.36) or p222 transfection (J, r=0.28) (control
n=14, p222 n=12).
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Whole cell recordings in voltage clamp mode were performed on cells transfected by
vector p222 to evaluate the effect of indel mutations on the NO dependent shift in ErevGABA
(Fig. 3.5). A pair of voltage ramps were delivered with GABA applied during the second ramp
of the pair. A subsequent recording was made on the same cell with a bolus of NO injected
during the recording to initiate the shift. No significant difference in the NO-dependent shift
in ErevGABA was observed between cells targeted for TMEM16A (ANO1) by p222 and cells
expressing the construct without the guide RNA (control, 43.28 ± 2.012 mV vs p222, 44.20
± 2.096 mV, Welch’s t test), which is consistent with the immunocytochemistry.

Figure 3.5. Plasmid vector does not inhibit the shift. Mean shift in the reversal potential
of GABAARs for control and cells targeted with p222 do not significantly differ. A, currentvoltage relationship for leak subtracted GABA-gated currents in a representative control AC
(A) and in a representative p222 transfected cell (B). C and D, Paired data points for ErevGABA
before (black) and after (control-gray, p222-green) NO injection for all cells tested shift
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positively. E, Violin plots of the mean shift in ErevGABA show no difference and similar frequency
distribution between control and p222 transfected groups (control n=17, p222 n=20, p=0.75).
Since the plasmid delivery system takes > 4 days for efficient indel mutagenesis in
ACs (see Fig. 3E) and the predicted turnover rate of TMEM16A could be days to weeks, (Bill
et al., 2014), the pre-formed RNA/Cas9 ribonucleoprotein was used to target TMEM16A
(ANO1). This method is expected to produce edits within 1-3 days before being degraded by
the cell thus shortening the timeframe to a detectable loss in protein. To increase the
likelihood of editing events affecting TMEM16A protein expression in our experimental
window (7-11 days post- transfection), we simultaneously delivered Cas9 RNPs formed
separately with 2 guide RNAs (gRNAs 222 and 424) targeting exon 3 of TMEM16A (Fig 6A).
Successful single-cell genomic PCR revealed an inversion mutant and deletion mutant for
the portion of exon 3 between the 2 guide RNAs (Fig 6B, 6C). Also, a deletion within exon 3
of TMEM16A (ANO1) could be detected 72 hours after transfection by genomic PCR from
pooled lysates of cultured retinal cells (Fig 6D).

Figure 3.6. RNP transfection produces edits. Targeting TMEM16A exon 3 with dual
gRNA Cas9 ribonucleoprotein produces deletions in within three days. A, graphical depiction
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of the target loci in TMEM16A showing cleavage sites. B and C, representations (top) of
observed mutations from TMEM16A sequencing traces (below) of single amacrine cells
showing an inversion, c.222_424inv201 (B), and deletion c.222_424del202 (C) between the
two target sites. D, Edits were present from a separate amplification of mixed cultures 3 days
post transfection
TMEM16A protein expression of RNP targeted cells was examined by
immunofluorescence (Fig 7A-D). Quantitative analysis was done only for cells co-expressing
GFP to reduce selection bias. The mean integrated density for all objects identified within
the TMEM16A mask is reduced in the dual guide condition (control=21.8±1.64, dual gRNA
=

15.5±0.76,

p=0.0014)

(7G).The

mean

fluorescent

intensity

of

the

objects

(control=382.8±17.26, dual gRNA =244.5± 11.96, p=4.37x10-8) (7H), and the mean objects
size (control= 6.58 x10-2±1.74 x10-3 µm2, dual gRNA = 6.10 x10-2±7.28 x10-4 µm2, p=0.017)
(7I) are significantly reduced as well. These results suggest a loss of TMEM16A protein when
transfected with the dual guide RNP. The log transformed integrated density for GFP
expression is lower in the dual gRNA group (control=1.81±0.19, dual gRNA = 1.36±0.11,
p=0.042) (7J), however there is no significant correlation with TMEM16A immunolabeling
for control (r=0.074 with p>0.71) or dual gRNA/RNP transfection (r= 0.19 with p>0.34) (7E,
F) (control n =26, dual gRNA/RNP n=26) which suggests GFP expression is not correlated
with TMEM16A immunocytochemistry analysis.
Recording from GFP expressing cells, we assessed the NO-dependent release of Clin RNP transfected cells and saw a significant reduction in the NO response (Fig 8A and B).
Under control conditions, NO induced a mean shift in ErevGABA of 39.6 ± 2.4 mV (n=23) but in
the RNP group targeting TMEM16A, the mean NO induced shift in ErevGABA was 23.8 ± 3.7
mV (n=25, p=0.001 unpaired t-test).
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Figure 3.7 Dual gRNA Cas9 ribonucleoprotein reduces TMEM16A expression. A, B,
representative immunofluorescence images of GFP expressing amacrine cells labeled with
TMEM16A antibodies in control transfected and (C,D) dual guide RNA transfected
conditions. There is no significant correlation between tdTomato and TMEM16A
immunolabeling for (E) control (r=0.07) or (F) dual gRNA transfection (r=0.14) (control n
=26, dual gRNA n=26). G, the mean integrated density for all objects identified within the
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TMEM16A mask is reduced in the dual guide condition (control=21.8±1.64, dual gRNA =
15.5±0.76, p=0.0014). H, the mean fluorescent intensity of the objects (control=382.8±17.26,
dual gRNA =244.5± 11.96, p=4.37x10-8) and the mean objects size (I) are significantly
reduced (control= 6.58 x10-2±1.74 x10-3 µm2, dual gRNA = 6.10 x10-2±7.28 x10-4 µm2,
p=0.017). The log transformed integrated density for GFP expression is lower in the dual
gRNA group (control=1.81±0.19, dual gRNA = 1.36±0.11, p=0.042). K-N, representative
images of dual gRNA transfected cells with very low TMEM16A signal. Arrows, GFP
expressing cell body. Arrowheads, GFP expressing process. Asterisks, TMEM16A labeling
in a non-GFP cell process that is contacting a GFP cell without TMEM16A labeling. O,
multiplying the number of TMEM16A immunolabeled objects by the integrated density
quantitatively highlights these two cells visually absent of TMEM16A expression (pink)
(p=0.012).
Notably, there were a group of three cells (Fig 8E, pink) with a shift of <1 mv which may
correspond to the ACs lacking any TMEM16A expression. Additionally, the lower quartile
(Fig 8D,E, braces) may represent a subset of ACs that require full TMEM16A expression for
Cl- transport in response to nitric oxide signaling, whereas other subsets do not.
3.4. Discussion
Here, we show that chick retinal ACs express the TMEM16A transcript and protein.
Pharmacological inhibition of TMEM16A leads to inhibition of the NO dependent release of
internal Cl- and the shift in ErevGABA. This suggests that TMEM16A plays a role in modulation
of intracellular Cl- in retinal ACs. To confirm the results with T16inh-AO1 inhibition, we
utilized CRISPR/Cas9 in chick retinal ACs to specifically knock down TMEM16A. Since we
use non-dividing cell cultures, mutations are heterogeneous and TMEM16A protein may be
present before genetic disruption by CRISPR/Cas9. While an all-in-one plasmid encoding
the sgRNA and HiFi Cas9 lead to indel formation, it did not result in a significant loss of
TMEM16A protein nor a detectable change in the NO-dependent Cl- release over the time
frame of culture viability. The plasmid takes days for its components to be transcribed,
translated, and Cas9 to combine with the guide RNA in the nucleus for targeted cleavage and
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erroneous repair (Callif et al., 2017). After an indel is formed, TMEM16A knockdown
depends on its rate of degradation which may differ among cell types. Vascular tissue with
lower expression of TMEM16A was unaffected by a constitutively expressed Tmem16asiRNA compared to tissue with higher expression in a previous murine study (Jensen et al.,
2018). TMEM16A was shown to contribute significantly towards Ca2+ dependent Clsecretion even when expressed at low levels in murine airway epithelia (Scudieri et al., 2012).

Figure 3.8. The shift is inhibited in ANO1 RNP cells. Dual gRNA Cas9
Ribonucleoproteins targeting TMEM16A reduces the NO dependent shift in ErevGABA. A and
B, Recording traces from GABA gated currents before and after injecting NO from control
transfected (n=23) and dual gRNA/RNP transfected cells (n=25). C and D, Paired data
showing before (black) and after (control-gray, dualgRNA/RNP-green) NO injection.
Targeting TMEM16A with dual guide RNAs and delivery of the Cas9 ribonucleoprotein led
to a population of cells exhibiting significantly reduced NO-dependent shift (brace). E, Violin
plots for the mean shift in ErevGABA show a reduction under dual gRNA/RNP condition and a
lower quartile (brace) that is far lower than control (control n=25, dual gRNA/RNP n = 28,
p=0.003). Data with 0 mV shift in magenta.
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In a separate study, inducible knockout of TMEM16A (ANO1) in mouse interstitial
cells of Cajal resulted in protein loss that was patchy and incomplete even 2 months after
induction (Malysz et al., 2017). In Te11 and FaDu cells, half-life of TMEM16A was greater
than 24hrs as determined by cycloheximide inhibition of new protein synthesis (Bill et al.,
2014). This suggests TMEM16A can have a relatively long half-life, especially when
expressed at low levels yet still contributes significant Ca2+ dependent Cl- conductance. The
time it takes for the plasmid to form indels may have exceeded our experimental window (711 days post- transfection) when considering TMEM16A protein stability. This contrasts with
our previous work with CFTR that utilized an all-in-one plasmid encoding the CFTR,
targeting sgRNA and wtCas9. This method did show a loss of protein and loss of the NOdependent Cl- release. Importantly, CFTR is subjected to rapid degradation immediately
following protein synthesis. Intracellular precursor forms of CFTR are reported to have a
half-life of ~ 33min (Ward and Kopito, 1994).
When the CRISPR/Cas9 RNP was used, there was a significant change in protein
expression and a reduction in NO-dependent Cl- release 7-10 days post-delivery. Since the
GFP encoding plasmid is co-transfected with the dual gRNA/RNP, GFP expression does not
guarantee successful RNP delivery. Thus, we likely underestimated the effect of knockdown
and knockout because some unknown proportion of cells in the test group express GFP yet
did not receive the RNP. Still, a few cells appeared to have TMEM16A knocked out entirely
after RNP transfection. These cells had no appreciable immunoreactivity for the antiTMEM16A antibody as determined by immunocytochemistry. Such complete absence of
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TMEM16A immunoreactivity was never observed in control or plasmid transfected
conditions. Also, the frequency of complete knockout corresponds to a similar proportion of
cells that have a loss of NO-dependent Cl- release. Because knockout of TMEM16A in
intestinal epithelia expressing wildtype CFTR eliminated cAMP-activated Cl- currents
(Benedetto et al., 2017), it seems plausible that CFTR is responsible for the NO-dependent
Cl- release but requires expression of TMEM16A to function in at least a subset of AC cell
types. TMEM16A may also work in parallel to provide a direct link between Ca2+ and Clconductance on a faster time scale than AdC1/cAMP mediated Cl- release via CFTR (Zhong
and Gleason, 2021a). Some of the variation in data from 3.8 E may be due to recordings
performed by two different researchers.
We identify the expression of TMEM16A transcript and protein in chick retinal ACs,
in line with what has been observed in mouse retina (Jeon et al., 2013). Ca2+ activated Clcurrents (CaCC) mediated by TMEM16A are found in mouse rod bipolar cells (Jeon et al.,
2013; Paik et al., 2020a) and probably mediate the CaCCs identified in goldfish bipolar cells
(Okada et al., 1995). However, no CaCC current was found in chick ACs (Gleason et al., 1994)
suggesting an intracellular localization for TMEM16A. Schreiber et al. shows that TMEM16A
localization may be cell- and tissue-specific depending on the expression of other TMEM16
paralogues that affect trafficking and function (Schreiber et al., 2010; Schreiber et al., 2015).
In our study, we found mRNA transcripts for TMEM16 paralogues B, C, D, E, F, H, J, and K
in embryonic chick retinal tissue. TMEM16G is absent from the Gallus gallus reference
genome assembly (GRCg6a) at the time of writing. The medley of TMEM16 paralogues
expressed by individual ACs is not yet known and AC subtypes may differ in TMEM16
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expression profiles. Defining the compliment of TMEM16 paralogue expression in single cells
could facilitate AC subtype identification in culture.
In our original paper on the NO-dependent release of internal Cl- (Hoffpauir et al.,
2006), we proposed a simple scenario where, in the presence of NO, ACs receiving input
from bipolar cells and other amacrine cells would experience a shift in the balance of inputs
such that ACs would be more depolarized and thus release more GABA or glycine onto
postsynaptic cells and alter retinal output. AC subset-specific co-expression of specific
compliments of TMEM16 with CFTR could adjust the sensitivity of ACs to NO and fine tune
the NO response. Neuromodulation by the NO-dependent release of internal Cl- further
enhances AC flexibility by allowing a single neurotransmitter to provide both inhibitory and
excitatory signals. In this way circuit flexibility is maximized while metabolic, genetic, and
spatial costs are minimized (Grimes et al., 2010) in agreement with the laws of economy of
space, time, and matter (Ramón y Cajal, 1899; Chklovskii, 2004).
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CHAPTER 4. CONCLUSIONS
In chapter 2 I show that CFTR is involved in the NO dependent cytosolic Cl- release.
Loss of CFTR completely abolishes the response in each cell tested. This suggests CFTR is
required for the Cl- elevation in response to NO and CFTR protein is subject to rapid turnover kinetics owing to the efficacy of CRISPR/Cas9 knockdown. In chapter 3, I explore the
involvement of TMEM16A in the NO dependent cytosolic Cl- release as a component of the
signalosome alongside CFTR. The results suggest TMEM16A has a role but not necessarily
in all cells tested, unlike CFTR. This may be due to recording from retinal AC subtypes in
culture that differ in TMEM16 paralogue expression and localization. Additionally,
TMEM16A is slowly degraded in retinal cells but turnover rates may also differ between
subtypes. CRISPR/Cas9 modalities that I applied to CFTR were insufficient to effect protein
expression in our experimental window. Therefore, I introduced an alternative modality to
hasten the knockdown by utilizing the functional crRNA/tracrRNA/Cas9 ribonucleoprotein
complex. This bypasses the need for expression of the sgRNA, Cas9 mRNA, Cas9 ribosomal
translation, Cas9 nuclear import, and finally sgRNA/Cas9 complexation before it can begin
searching the genome. Even with the reduced time to produce indels, some TMEM16A may
still be present and functional in ACs.
Further research into the relationship between CFTR and TMEM16A will be
important in understanding mechanisms of compartmentalized ion homeostasis as well as
associated diseases, including cystic fibrosis. The TMEM16 family is implicated in human
disease but much remains unknown. Experiments addressing the relationship between
TMEM16A and cystic fibrosis disease have produced contradictory results. Potentiating
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TMEM16A Cl- transport increased airway hydration in non-CF human bronchial epithelial
cells and CF- human bronchial epithelial cells without effecting mucous secretion (Simões et
al., 2019; Danahay et al., 2020b; Danahay et al., 2020c). Others found that TMEM16A
functions to increase mucus secretion and activation of TMEM16A would likely worsen
airway obstruction (Huang et al., 2012; Benedetto et al., 2019; Centeio et al., 2021). Clearly
more research is needed to settle this debate which is hindering development of novel
therapeutic strategies.
In the brain, transitions between behavioral states can trigger switching between
different circuits of cortical GABAergic interneurons (Cardin, 2019). In the mouse visual
cortex (VI), activation of vasoactive intestinal peptide-expressing GABAergic interneurons
during increased locomotor activity alters downstream pyramidal firing rates by disinhibition
of another GABAergic interneuron type with rhythmic and bursting properties (Fu et al.,
2014; Lee and Mihalas, 2017). The result is increased sensory discrimination in a complex
environment during periods of arousal by activating distinct circuitry composed of multiple
neuronal types. But the retina has more spatial and geometrical constraints when compared
to the cortex. Thus, while the cortex can selectively recruit converging ensembles of distinct
inhibitory interneurons (Swanson and Maffei, 2019) the retina may rely on the
neuromodulatory flexibility of AC subtypes to transition between channels of information
flow in response to varying light intensity, frequency, position, and context.
In contrast to microcircuits in the brain, which tends to cluster subtypes of neurons
within cortical nuclei (Harris et al., 2015; Martinez and Sprecher, 2020), cells of a single type
in the retina are distributed uniformly (Rockhill et al., 2000). Even spacing of subtypes gives
the retina full functionality across the entire visual field but requires high circuit modularity
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which increases circuit complexity. Therefore, the retina must be capable of multiplex circuit
function in the IPL (Deny et al., 2017) so that individual neuronal circuits participate in
multiple tasks. Neuromodulation by nitric oxide producing ACs can serve as a switch for
alternating between circuit functions by changing connectivity directly through gap
junctional coupling (Jacoby et al., 2018a), or by switching inhibition to excitation thereby
recruiting additional neuronal subtypes to contribute new functions to existing networks.
AC subtypes may express different TMEM16 paralogues. Exploring TMEM16
expression profiles in retinal ACs could reveal the functions of TMEM16 proteins as well as
AC subtypes. TMEM16A is an intrinsic regulator of BC membrane potentials (Jeon et al.,
2013) and may work with voltage gated Ca2+ channels to modulate channel kinetics (Caputo
et al., 2015b) thereby creating unique electrophysiological characteristics to neurons
expressing TMEM16A. In this manner, different TMEM16 paralogues may offer AC subtypes
unique functions and membrane properties specific to certain AC roles. Subtle local changes
in membrane potential of individual neurons can alter circuit function, especially where
sustained release is the predominate signaling mode. TMEM16A is required for generating
slow waves in gastrointestinal smooth muscle cells (Hwang et al., 2009) suggesting in may
be involved in rhythmic network activity of the retina. The retina has multiple cell types
capable of generating oscillatory potentials and rhythmic neurotransmitter release (PetitJacques et al., 2005; Koepsell et al., 2009), including multiple ACs. Neuromodulation of single
ACs can alter circuit function by changing oscillatory potential frequency or phase-shift
concurrent oscillations relative to each other. In a mouse model of retinal degeneration, AII
ACs are responsible for generating oscillatory potentials and increases in their firing directly
elicit ganglion cell bursting (Petit-Jacques et al., 2005). In wild-type mouse retina, starburst
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ACs that release both acetylcholine and GABA exhibit light-induced changes in oscillatory
frequency (Petit-Jacques and Bloomfield, 2008). Hence, the retina represents a scenario
where different TMEM16 expression profiles may form a molecular basis for different paths
of information flow, akin to how different glutamate receptors form the molecular distinction
between ON and OFF circuitry in BCs. Jeon et al 2013 noted CaCC expression can have
differential effects depending on Ecl and the work in this dissertation suggests TMEM16A can
also transiently alter Ecl. Paracrine release of NO may shift Ecl to a depolarizing potential in
specific GABAergic ACs that express TMEM16A and CFTR intracellularly. This may
represent a novel mechanism for encoding visual sensory information during sustained
neurotransmitter release by modulating GABAergic AC release rates without changing the
quanta of GABA from sustained inputs onto them.
The study of intracellular ion channel function constitutes a largely unexplored area
of research. Approximately 95% of cellular membranes are intracellular, underscoring the
importance of intracellular ion channel function (Shapovalov et al., 2017). The CRISPR/Cas9
methods employed in this dissertation may help uncover additional relationships between
intracellular ion channel expression and cytosolic Cl- regulation. Prior to CRISPR/Cas9,
sequence specific endonucleases capable of recognizing and modifying a given genomic
region were expensive due to the difficulty in their production. The two modalities, zinc
finger nucleases (ZFNs) and transcription activator like effector nucleases (TALENs), were
promising technologies because of the ability to target any sequence of the genome but
specificity depended on a protein-DNA sequence recognition relationship. This required a
new protein sequence for each target (for review of ZFNs see Urnov et al., 2010; for review
of TALENs see Joung and Sander, 2013). The associated protein production and purification
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expense prohibited widespread adoption and limited their use in diverse biological
applications. A method of plasmid construct assembly was developed using Golden Gate
cloning to generate new expression constructs to be delivered to target cells, but it never
achieved widespread adoption likely due to the complicated experimental design (Cermak
et al., 2011).
However, the low cost and high gene editing efficiency of CRISPR/Cas9 led to
revolution in biotechnology. RNA guided DNA endonucleases (such as Cas9) derive their
DNA target specificity from the cognate guide RNA. Cas9 endonuclease can target nearly
any given sequence by virtue of this guide RNA, limited mostly by the pre-requisite PAM
site. In comparison to protein, RNA synthesis and purification is relatively cheap meaning
more labs can utilize this tool in their research. A wider adoption across the scientific
community can yield more data and greater experimental variety in gene editing to further
our understanding of genotype-phenotype relationships. Applying CRISPR/Cas9 to the
study of intracellular ion channels can help elucidate their function. However, there are still
problems with off-target modification by CRISPR/Cas9. I utilized an improved-specificity
variant (Vakulskas et al., 2018) in my research to reduce these effects but did not explore off
target mutations.
In the future, it would be beneficial to incorporate off target analysis of CRISPR/Cas9
edited cells to improve our experimental power. There are two main categories of Cas9 off
target event analysis. Biased assays use algorithms to predict genomic regions susceptible to
off-target mutagenesis. These regions are then PCR amplified and sequenced. If amplifying
from a pool of genomic DNA, amplicons can be prepped into a library using indexed primers
and analyzed by next gen sequencing. Unbiased methods are genome wide assays to look
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for mutations arriving from off targeted Cas9 cleavage. These methods have the advantage
of scanning for mutations otherwise not predicted by computational algorithms. They are
further divided into in-vitro, in-situ, or in vivo assays (Martin et al., 2016). A thorough
unbiased method has been developed that employs two stage detection, in vivo and in vitro.
The first stage utilized an in vitro assay, CIRCLE-seq, to find off target sites in genomic DNA.
These sites are then confirmed in vivo by targeted amplicon sequencing of mouse tissue liver
extracts (Han et al., 2020). This method could be applied retinal amacrine cells to aid in guide
RNA selection by empirically determining target specificity of guide RNAs.
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